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ABSTRACT 


The  optimum  forage  handling  system  for  a  farm  firm  is  not 
necessarily  the  one  minimizing  machinery  costs.  Consideration  must  be 
given  to  the  interdependence  of  all  systems  on  the  farm  in  order  to 
select  a  forage  harvesting  and  handling  system  that  permits  the  farm 
operator  to  maximize  his  net  returns.  The  objectives  of  this  thesis 
were  to  compile  existing  data  pertaining  to  forage  handling,  to  computer 
simulate  some  of  the  present  alternative  systems  applicable  to  forage 
harvesting  and  handling,  to  test  the  suitability  of  the  General  Purpose 
Simulation  System/360  (GPSS)  in  generating  and  costing  such  systems, 
and  to  propose  other  mathematical  methods  of  evaluating  alternative 
systems . 

It  was  premised  that  legume-forage  crops  in  the  Edmonton  area 
are  primarily  grown  and  harvested  for  their  protein  value.  The 
objective  function  of  this  cost-benefit  analysis  was  therefore  defined 
as  minimum  cost  per  ton  of  digestible  protein  fed.  The  method  used  to 
generate  and  cost  alternative  systems  involved  both  network  analysis 
and  simulated  sampling  techniques.  The  GPSS  programs  randomly  selected 
alternative  routes  through  the  network,  simulating  several  years  of 
harvesting  weather  for  each,  and  calculating  fixed,  variable  and  penalty 
costs  incurred  as  the  forage  moved  from  field  to  exit  from  storage. 
Penalty  costs  associated  with  harvesting  delays  and  weather  damage  were 
assessed  using  weather  probability  functions,  a  simulated  sampling  of 
harvest  weather,  and  a  cost  calculation  of  lost  feed  value.  Some 
program  parameters  were  given  a  uniform  probability  distribution  of 
values.  Annual  fixed,  variable  and  penalty  costs  were  calculated  for 
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each  stage  of  the  system  before  another  pass  was  made  through  the 
network. 

The  analysis  of  these  simulated  systems  showed  that,  for  many 
systems,  penalty  costs  per  harvested  acre  comprised  a  significant 
proportion  of  total  annual  costs.  Thus,  a  knowledge  of  how  nutritional 
values  and  drying  rates  of  mechanically  treated  forage  relate  to 
weather  parameters  is  important.  The  lack  of  this  information 
constitutes  a  serious  data  gap. 

After  the  simulated  systems  were  ranked  in  accord  with  the 
predetermined  objective  function,  the  cost  sensitivity  of  the  systems 
became  apparent.  In  the  section  of  the  network  successfully 
programmed,  one  of  four  different  end  products  was  selected  for  each 
route  -  high  moisture  silage,  wilted  silage,  haylage  and  dehydrated 
forage  -  the  general  advisability  of  each  ranked  in  the  same  order. 
Within  the  reliability  of  data  and  sample  sizes  used,  no  one  system 
was  always  preferable  to  the  one  next  in  rank.  Cost  distributions 
for  systems  overlapped  to  a  considerable  extent. 

The  suitability  of  the  GPSS  approach  is  questionable.  The 
trade-off  existing  between  computer  time  and  storage  requirements  will 
influence  the  selection  of  an  alternate  method.  Any  comparative 
evaluation  of  forage  harvesting  and  handling  systems  requires  simulated 
sampling  at  some  point  in  the  analysis,  unless  stochastic  variables  are 
approximated  with  constant  values.  Three  other  possible  mathematical 
methods  that  could  be  used  are  (1)  simulated  sampling  and  separable 
programming,  (2)  Shortest  Path  Network  Analysis  (SPNA)  and  Monte  Carlo 
techniques,  and  (3)  dynamic  programming  and  simulated  sampling.  This 
latter  possibility  eliminates  the  necessity  of  evaluating  every 
possibility  in  the  network. 
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1.  INTRODUCTION  AND  OBJECTIVES 

Optimum  forage  harvesting  and  handling  systems  cannot  be  arrived  at 
without  consideration  of  other  farm  systems  and  the  overall  objectives 
of  the  whole  farm  unit.  If  the  Canadian  livestock  industry  is  to 
expand  during  the  next  decade  as  indicated  by  the  Federal  Task  Force  on 
Agriculture  (23),  forage  as  a  feedstuff  and  possible  cash  crop  is  a 
prime  contender  for  research  and  development  —  totally  mechanized 
handling  being  one  of  the  assumed  requirements  of  any  system  incorpor¬ 
ating  forage.  As  with  all  present  agricultural  systems,  forage 
handling  needs  formally  organized  system  studies,  both  comprehensive  and 
complete,  to  assist  the  farm  manager's  decision  making  amidst  the 
tightening  interdependence  of  system  components  and  the  very  narrow 
margin  allowable  for  error. 

The  objectives  of  this  thesis  are  outlined  as  follows: 

(1)  To  compile  existing  engineering,  nutritional,  economic  and 
agrometeorological  data  on  forage  handling. 

(2)  To  computer  simulate  some  of  the  present  alternative  systems 
applicable  to  the  forage  handling  problem  from  field  to  exit 
from  storage. 

(3)  To  test  the  suitability  of  the  GPSS  programs  in  generating  and 
costing  alternate  forage  handling  systems. 

(4)  To  evaluate  the  cost  sensitivity  of  sub-optimal  machinery 
systems . 

(5)  To  attempt  to  compare  other  possible  mathematical  methods  of 
generating  forage  handling  systems. 
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Because  of  the  sheer  size  of  the  network  and  the  mass  of  input 
data  required,  the  analysis  was  limited  to  the  Edmonton  area  where  cost 
data  were  easily  accessible,  and  to  the  alfalfa  crop  because  of  its 
relative  importance  in  Alberta  forage  production  and  the  available 
information  as  to  its  properties  and  characteristics.  One  of  the 
general  goals  of  this  project  was  to  construct  the  network  and  the 
technique  of  analysis  so  as  to  be  adaptable  to  other  regions,  other 
crops  and,  other  sets  of  input  data. 
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2 .  LITERATURE  REVIEW 

There  is  a  rather  limited  amount  of  literature  available  concerning 
forage  handling  from  a  systems  standpoint  although  the  basic  theoretical 
concepts  of  the  systems  approach  have  at  times  been  referred  to  in 
agricultural  research.  Systems  engineering  and  systems  analysis  have 
been  utilized  extensively  in  industry  for  cost-benefit  studies  and 
consequently  the  bulk  of  available  literature  on  the  topic  is  industry 
oriented . 

2.1  Definitions 

The  term  "system"  appears  to  have  as  many  definitions  as  authors 
using  it.  Bonnicksen  (14)  said  that  "...  A  system  can  be  defined  as  a 
set  of  things  so  related  for  some  function  to  form  a  unity." 

Kershner's  (73)  definition  is  "A  system  is  a  collection  of  entities  or 
things  (animate  or  inanimate)  which  receives  certain  inputs  and  is 
constrained  to  act  concertedly  upon  them  to  produce  certain  outputs, 
with  the  objective  of  maximizing  some  function  of  the  inputs  and 
outputs."  Both  a  dynamic  nature  and  human  intent  are  bound  up  in  this 
definition . 

Similarly,  the  terms  "operations  research",  "systems  engineering", 
and  "systems  analysis"  have  been  used  with  different  intent  or  even 
interchangeably  at  times.  Hall  (56)  lumped  the  first  two  together  as 
"Application  of  rigorous  methods  of  analysis  to  an  entire  system,  rather 
than  to  just  one  operation  to  obtain  an  optimum  solution  ..."  Kershner 
(73)  stated  that  if  the  primary  attention  is  placed  on  variation  of  the 
system  composition,  systems  engineering  is  the  term  to  use  —  if  on  the 
variation  of  the  system  operation,  operations  research  is  the  proper 
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name.  Bonder  (13)  referred  to  the  distinctions  made  by  Edward  Quade  of 
the  Rand  Corporation:  "The  important  thing  to  note  is  that  (a) 
operations  research  involves  the  analysis  of  an  existing  system, 

(b)  systems  analysis  concerns  the  comparison  of  alternative  systems,  and 

(c)  systems  research  focuses  on  the  development  of  systems  planning 
procedures.”  It  is  the  emphasis  on  comparison  of  alternative  systems 
that  was  considered  in  this  thesis . 

2.2  The  Systems  Approach 

Over  ten  years  ago,  Sammet  (108)  stated  that  "the  systems  concept, 
which  views  any  complex  entity  or  process  in  terms  of  the  functions, 
inter-relationships,  and  integration  of  its  parts  in  a  unified  whole  is 
not  new."  The  two  levels  of  activity  in  a  planned  approach  to  systems 
studies  are  the  same  today  —  systems  analysis  (involving  definition, 
description,  and  study  of  processes  and  discovery  of  optimum  relation¬ 
ships)  and  systems  design  and  development  (involving  research  and 
development  of  improved  methods  as  translating  analysis  into  plans  of 
action) . 

The  steps  in  systems  analysis  are  effectively  outlined  by  the  same 
author  as: 

(1)  Select  performance  goals  and  criteria  (more  on  this  later) . 

(2)  Identify  techniques  in  each  production  stage  that  together 
constitute  an  optimum  organization.  Identification  can  be 
done  by  experimental  comparison  (often  a  costly  venture)  or 
by  modelling,  "model"  building  or  synthesis  using  existing 
engineering  data.  On  occasion,  variables  with  no  expected 
significance  on  the  end  result  can  be  factored  out,  although 
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the  validity  of  simplifying  assumptions  mus t  be  tested  later. 

When  and  why  is  systems  engineering  used?  Reitman  (103)  stated 
that  ’’Systems  engineering  concepts  should  only  be  used  when  other  methods 
and  approaches  have  failed.  Application  of  these  concepts  requires  a 
team  approach  because  of  the  complexity  —  of  the  design  problem,  the 
techniques  of  solution  and  the  user's  operation  of  the  system.  No  one 
person  can  be  sufficiently  able  and  adept  in  all  three  areas."  A  team 
of  agricultural  scientists,  and  in  some  cases  policy  makers,  could  adopt 
Nadler's  (91)  IDEALS  concept  for  both  preliminary  stages  of  macro-system 
analysis  and  at  subsequent  levels  of  integrated  systems  research  and 
work  systems  design  (figure  1).  Where  few  well-defined  performance 
goals  and  criteria  exist,  and  a  "one-man"  investigation  of  a  system  is 
undertaken,  a  more  conventional  approach  is  desirable. 

2.3  Application  of  Systems  Analysis  Techniques 

Given  the  fact  that  experimental  comparison  of  forage  handling 
systems  could  become  a  costly  undertaking,  initial  comparisons  of  such 
systems  might  best  be  made  using  models  of  actual  or  synthesized  cases 
—  mathematical  models  providing  one  of  the  better  approaches  to  an 
unwieldy  problem.  According  to  Chestnut  (26),  "...  in  the  solution  of 
symbolic  models,  an  analytic  method  is  desirable  because  the  exact 
answer  is  derived;  a  numerical  method  is  acceptable  where  no  analytic 
method  exists;  and  the  Monte  Carlo  solution  is  applied  only  if  the 
other  modes  are  either  impossible  or  impractical.  This  is  by  no  means 
a  rare  condition;  Monte  Carlo  methods  are  being  used  more  often  these 
days  as  digital  computer  programs  are  available  for  repetitive  probabal- 
istic  solutions."  Peart,  Isaacs  and  French  (97)  gave  a  brief  resumd  of 
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some  mathematical  programming  models  and  an  application  to  optimization 
of  a  materials-handling  system.  Sowell  and  Link  (116)  reviewed 
mathematical  programming  and  network  analysis  techniques,  with  some 
agricultural  applications  underlining  strengths  and  weaknesses  of  each. 
Peart,  Isaacs  and  French  (97)  stated  that  MA  mathematical  model 
encourages  the  concise  and  complete  statement  of  the  problem  and  the 
variables.  It  promotes  objective  decision-making.  Subjective 
decisions  will  continue  to  be  made  in  the  original  design  of  alternative 
systems,  but  a  model  capable  of  handling  many  variables  allows  many  more 
factors  to  be  quantified." 

Linear  programming  (LP)  and  its  extensions  provide  one  of  the  most 
analytic  and  widely  used  methods  available  for  optimizing  resource 
allocation  in  an  agricultural  system.  Dent  and  Casey  (37)  showed  how 
LP  has  been  and  is  being  used  for  determining  minimum-cost  livestock 
rations.  Expanding  the  limits  of  the  system  to  the  whole  farm  plan, 
MacHardy  (82)  and  Anderson  (2)  showed  how  partial  budgeting  of  farm 
enterprises  and  straight-line  approximations  of  non-linear  or  curvi¬ 
linear  functions  can  be  put  into  LP  matrix  form  and  maximum  gross  margin 
determined.  The  post-optimal  information  can  be  used  to  evaluate  the 
accuracy  of  the  above  approximations  and  to  indicate  whether  or  not 
matrix  alterations  and  program  re-runs  are  necessary.  MacHardy  (84) 
developed  a  technique  using  Lagrange  multipliers  to  determine  the 
optimum  size  of  field  machinery  where  sequential  operations  are  performed 
on  the  land.  He  also  showed  how  this  method  could  be  combined  with 
linear  programming  in  an  iterative  procedure  so  that  machinery  could  be 
sized  in  relation  to  the  whole  farm  plan.  More  recently,  MacHardy  (83) 
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used  product  terms  with  integer  programming  to  include  sequential  field 
operations  and  harvesting  costs  in  separable  programs  where  time  is  a 
resource  competed  for  by  other  farm  activities. 

Another  set  of  analytic  methods  can  be  generally  entitled  Network 
Analysis.  As  outlined  by  Sowell  and  Link  (116),  network  analysis 
methods  are  concerned  with  scheduling  of  multi-activity  processes  taking 
into  account  the  resource  availability  (notably  time  and  capital) , 
urgency,  and  topological  relationships  of  activities.  Both  the  critical 
path  method  (CPM)  and  the  program  evaluation  and  review  technique  (PERT) 
"require  that  the  process  being  analyzed  first  be  reduced  to  graphical 
form  in  an  activity  network".  Studies  conducted  by  Preston  (99,  100) 
indicated  that  network  analysis  methods  can  be  successfully  applied  to  a 
farm  machinery  selection  problem,  handling  time  and  cost  parameters 
simultaneously.  Preston’s  (99)  shortest  path  network  analysis  (SPNA) 
routine  (which  has  been  successfully  applied  to  comparison  of 
alternative  irrigation  methods)  can  cope  with  step,  curvilinear  and 
other  non-linear  functions  but  only  gives  one  sub-critical  path  and  is 
therefore  limited  in  the  post-optimal  information  it  can  provide. 

Coupland  and  Halyk  (30)  applied  network  analysis  to  comparison  of  forage 
handling  alternatives  using  data  applicable  to  the  Quebec  area. 

Hunt  (65)  emphasized  that  maximization  is  not  always  accomplished 
by  minimizing  costs.  "The  need  for  timely  operations  is  rather  a 
unique  economic  constraint  on  the  farm  machinery  system."  Using  a 
series  of  equations  relating  economic  and  physical  parameters  of  the 
problem,  Hunt's  method  of  machinery  selection  required  some  initial 
guesswork  and  an  iterative  procedure  for  improving  the  solution  if  these 
guesses  were  incorrect.  Regional  timeliness  factors  ("decimal 
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reduction  of  quantity  and  quality  of  the  potential  crop  per  hour  of 
machine  operation")  were  applied  to  any  given  acreage,  yield  and  crop 
value.  Stapleton's  (117)  method  used  timeliness  functions  to  produce 
charts  comparing  different  systems.  A  simulation  model  developed  in 
England  by  Donaldson  (42)  assessed  harvest  machine  capacity  while 
allowing  for  weather  risk.  Using  the  Monte  Carlo  approach,  MacHardy 
(81)  formulated  a  method  of  calculating  harvesting  costs  for  weather- 
dependent  harvest  operations  where  penalties  vary  inversely  as  the  rate 
of  harvest.  Von  Bargen  (7)  conducted  a  systems  analysis  of  hay 
harvesting  in  east  central  Nebraska,  in  which  he  applied  the  Monte 
Carlo  method  to  baling  of  alfalfa  hay,  generating  cumulative  probability 
curves  for  time  needed  to  complete  the  baling.  The  major  problem  in 
applying  a  simulation  sampling  technique  to  weather  functions  is  in 
determining  what  constitutes  a  'work'  and  a  'non-work'  day  as  well  as 
the  penalty  in  time  and  product  loss  resulting  from  unfavourable  weather. 

Link  and  Bockhop(78)  developed  a  method  for  scheduling  of 
sequential  field  operations  using  a  sys tems-analysis  procedure.  Given 
a  system  performance  prediction,  adequate  economic  and  weather 
information,  and  "acceptable  risk  criteria",  cumulative  probability 
curves  were  generated  from  historical  weather  data  for  'arrival'  and 
'completion'  dates  of  the  sequence  in  question.  The  particular 
'holding  period'  depended  on  the  interaction  of  weather  and  crop-machine 
parameters . 

The  simulation  of  weather  may  be  done  at  some  preliminary  point 
followed  by  a  more  analytic  analysis  of  the  entire  system  under  study. 
Russell  (106)  used  a  weather  simulation  program  based  on  MacHardy 's  (81) 
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method,  and  on  data  compiled  in  a  1968  student  laboratory  experiment  on 
combine  harvesting.  The  class  concensus  of  acceptable  weather  criteria 
and  penalties  associated  with  unfavourable  weather  were  used  to  generate 
a  penalty  cost  curve  associated  with  combine  capacities.  Then  the 
acreages,  capacities,  fixed  costs,  operating  and  penalty  costs,  and 
optimum  harvesting  period  length  were  related  to  the  separable  pro¬ 
gramming  analysis  of  the  whole  farm  plan.  A  sensitivity  analysis 
indicated  that  a  ±10%  change  in  the  penalty  cost  curve  would  not 
appreciably  influence  the  farm  manager’s  optimum  selection  of  machine 
capacities.  Baldwin  (6)  first  analyzed  the  weather  data  in  relation 
to  sugar  cane  cropping  periods  and  subsequently  inserted  these  durations 
into  a  CPM-type,  time-scaled  network  used  for  resource  allocation, 
project  planning  and  management. 

2.4  Prognosis  for  Systems  Engineering  in  Agriculture 

Coales  (28)  foresaw  definite  use  of  systems  engineering  in 
agriculture.  To  make  the  systems  approach  fully  effective,  simulation 
of  the  processes  is  necessary;  before  simulation  is  possible, 
mathematical  models  of  the  processes  need  to  be  developed;  before 
modelling  can  be  attempted,  a  means  of  measuring  the  essential  variables 
must  be  developed.  Coales  further  stated  that  since  agricultural 
systems  are  so  dependent  on  environment,  ”...  better  prediction  of 
environmental  conditions  is  an  essential  requirement  for  better  planning 
and  control”.  However,  experience  has  shown  that  a  useful  start  can  be 
made  with  very  rough  measurements  and  quite  often  approximations  can  be 
made  to  greatly  simplify  the  model. 
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Although  some  development  of  systems  analysis  techniques  has 
occurred,  a  rather  limited  number  of  applications  have  been  made  to 
forage  handling  systems.  Further  study  and  analysis  of  stochastic 
variables  and  simulation  models  are  needed  (7,  28,  78,  81,  97,  116). 

2.5  Cost-Benefit  Simulation  and  GPSS 

Donaldson  and  Webster  (43)  used  a  simulation  approach  to  whole 
farm  planning.  The  method  used  random  numbers  to  select  and  size  farm 
enterprise  activities  according  to  the  resource  restrictions.  Using  a 
computer  program,  many  different  farming  programs  were  set  up  and  the 
top  twenty  solutions  printed  out  for  the  user  to  subjectively  analyze. 
Theoretically,  if  the  number  of  iterations  requested  was  large  enough, 
the  optimal  solution  would  be  included  in  this  top  twenty. 

The  author  selected  a  similar  approach  to  the  problem  of  selecting 
a  forage  handling  method.  An  I.B.M.  program  package  called  GPSS/360  (52) 
—  acronym  for  General  Purpose  Simulation  System  —  was  applied  to  a 
network  of  forage  handling  alternatives.  A  program  was  written  to 
randomly  select  routes  through  the  network,  duplication  being  possible. 

For  each  pass  through  the  network,  the  nodes  of  importance  were  noted, 
arrow  coefficients  calculated,  and  cumulative  statistics  stored  — 
enroute  from  initial  to  terminal  nodes.  Given  the  probability  of 
selecting  the  least  likely  route,  the  required  number  of  selections 
could  be  determined  to  ensure,  with  a  given  probability,  the 
selection  of  that  route  at  least  once.  Both  stochastic  and  analytic 
relationships  were  included  in  the  one  cost-benefit  simulation. 
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3.  SELECTION  OF  METHODOLOGY 

3.1  Determination  of  the  System  Boundaries 

Every  system  found  in  agriculture  is  a  sub-system  of  some  larger 
system,  acting  and  interacting  continuously.  Because  forage  handling 
systems  are  usually  part  of  a  farm  enterprise,  and  this  in  turn  a  seg¬ 
ment  of  a  farm  firm,  delineation  of  system  boundaries  is  somewhat 
arbitrary.  Does  the  forage  handling  system  begin  with  cutting  the 
forage  in  the  field,  or  does  it  start  with  the  preparation  of  a  seed-bed 
for  the  nurse-crop?  Similarly,  does  the  system  end  with  the  forage  in 
storage,  or  does  it  actually  terminate  with  the  sale  of  the  animal 
product?  Resources  of  time  and  capital  are  limited,  and  all  enter¬ 
prises  on  the  farm  compete  for  both.  The  optimal  forage  handling 
method  cannot  be  decided  upon  without  prior  knowledge  of  the  overall 
objectives  of  the  firm.  Given  partial  information  as  to  system  overlap, 
integration  and/or  priority,  qualified  guidelines  may  be  formulated. 

The  end  points  of  this  simulation  were  somewhat  arbitrarily  chosen 
as  (1)  forage  standing  in  the  field  at  its  'optimal*  point  of  development 
and  (2)  forage  as  it  leaves  the  storage  unit.  Extending  the  study  to 
include  planting,  fertilizing  and  related  operations  prerequisite  to  a 
fully  established  stand  of  forage  would  involve  simulation  of  one  to  two 
years  of  weather,  and  require  consideration  of  other  cropping  enter¬ 
prises  and  resource  requirements.  To  extend  the  boundaries  of  the  study 
to  include  feeding  of  the  forage  would  require  a  knowledge  of  the  number, 
type,  age  and  rations  of  the  animals  using  the  forage.  Such  extensions 
would  magnify  the  complexity  of  the  network  as  well  as  hamper  any 
attempt  to  draw  some  general  conclusions  about  the  network  of  system 


alternatives . 


'e? 


13 


Edmonton  and  vicinity  was  the  only  area  included  in  the  analysis. 

Alfalfa  was  the  only  forage  crop  considered.  Data  and  parametric 
relationships,  although  not  comprehensive,  were  most  easily  available 
for  alfalfa,  the  one  forage  crop  that  has  come  in  for  more  intensive 
study  than  has  any  other  in  Canada.  In  addition,  alfalfa  is  the  most 
important  forage  crop  grown  in  Alberta.  The  1966  Census  showed  that 
alfalfa  and  alfalfa-grass  mixtures  accounted  for  over  1.3  million  acres 
or  close  to  47%  of  the  total  tame  hay  area.  In  Census  Division 
Number  11  (see  figure  2) ,  over  52%  of  the  tame  hay  acreage  was  devoted 
to  alfalfa  and  alfalfa-grass  mixtures  (see  table  1) .  Sales  of  hay  and 
fodder  accounted  for  a  significant  amount  of  farm  sales. 

3.2  Method  of  Analysis 

As  intimated  in  section  2.3,  a  simulation  approach  has  some  merit 
when  dealing  with  a  stochastic  variable  such  as  weather.  The  SPNA 
routine,  with  certain  additions  or  modifications  made  in  the  program, 
might  present  one  possible  way  of  combining  non-linearities  and  proba¬ 
bilities  into  one  network  analysis  problem.  Some  limitations  inherent 
in  the  routine  present  problems.  First  of  all,  the  sensitivity 
analysis  must  be  conducted  by  successive  re-runs.  Secondly,  this 
routine  requires  that  all  arcs  or  arrows  in  the  network  have  co¬ 
efficients  evaluated  for  them  before  the  shortest  route  can  be  found. 

As  a  result,  all  possibilities  and  input  combinations  that  may  arise 
must  be  incorporated  into  the  network  so  as  to  obviate  the  need  for  a 
looping  procedure. 

Briick  and  Van  Elderen  (19)  used  a  simulation  language  called 
DYNAMO  (DYNAmic  Modelling)  to  simulate  field  drying  of  ryegrass,  at 
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Figure  2.  Alberta's  major  forage-producing  census  divisions. 


TABLE  1.  SOME  CENSUS  DATA  RELATED  TO  FORAGE  PRODUCTION  IN  ALBERTA 
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Wageningen,  Holland,  incorporating  many  meteorological  variables  into 
the  model.  Since  the  weather  records  available  for  the  Edmonton  area 
are  far  from  detailed  enough  for  this  set  of  equations,  the  above  model 
was  set  aside.  The  GPSS  package  mentioned  in  section  2.5  was  successfully 
used  by  Russell  (106)  in  simulating  a  thousand  years  of  wheat  harvesting. 
The  author  ehose  this  GPSS  package  because  it  was  easily  available, 
and  the  built-in  versatility  would  permit  calculation  of  set  cost 
equations  or  setting  of  logic  patterns  as  well  as  manipulation  of 
probabalistic  functions.  Where  empirical  data  were  either  missing  or 
unavailable,  subjectively  determined  data  were  inserted.  The  analysis 
of  the  results  then  indicated  that  either  empirical  study  was  needed  in 
the  area  or  the  material  used  did  not  significantly  influence  the 
choice  of  an  optimal  system. 
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4.  THE  COMPUTER  SIMULATION  PROGRAM 

4.1  Format  and  Explanation 

Beginning  with  the  simplified  flow  chart  in  figure  3,  a  GPSS 
program,  geared  to  a  particular  area,  can  be  constructed  incorporating 
only  the  sequences  pertinent  to  that  region.  The  units  of  traffic  used 
throughout  the  program  were  years,  called  "transactions1'  in  the  GPSS/360 
terminology.  As  each  year  of  forage  handling  proceeded  through  the 
program,  a  record  was  kept  of  the  current  relative  time  in  days. 

Figure  4  presents  a  condensed  and  simplified  explanation  of  the  major 
steps  in  the  general  program.  Block  and  non-block  entities  make  up 
the  program,  transactions  passing  through  the  former  having  their 
numerical  or  logical  values  altered  by  the  attributes  of  these  blocks. 
Except  for  a  few  special  cases,  all  values  generated  and  calculated  in 
the  program  were  integer  quantities.  Following  the  simulation  of  the 
last  year,  the  program  printed  the  resulting  frequency  distribution 
as  programmed.  The  drawback  lay  in  the  inability  of  the  analyst 
to  trace  specific  values  in  the  tables  back  to  pertinent  network  routes. 
Therefore,  the  author  elected  to  conduct  the  simulation  and  collation  of 
resulting  information  in  separate  steps.  For  each  year  simulated,  a 
vector  of  important  nodes,  intermediate  values  and  final  values  was 
stored,  then  transferred  to  magnetic  tape.  After  the  entire  simulation 
was  completed,  FORTRAN-IV  programs  were  used  to  rank  the  transactions 
according  to  a  cost  criteria  and  to  tabulate  and  plot  values  versus 


selected  routes. 


18 


C 


aawnsNon  ivwinv  ao  iNoaa  ni  aaaa 


H 

CJ< 

W 

-I 

O 

U 


>-i 

Pd 

Q 


C 


c 


Pd 

o 

p-i 

co 

t 

H 


W 

H 

Pp 

PQ 

M 

Pd 

H 

CO 


T 


r 


7 


) 


§! 


o  c 


at 

o 

ex 

CO 


t 


J 


w 

Dd 

o 

H 

CO 


T 


§! 


)  c 


T 


^  I 

Qi 


J 


I 


) 


Pd 

Q 


H, 

CJ 

w 

h-J 

.-I 

o 

-U. 


T 


H 

!=> 

U 


c 


J 


Pd 


9 


o 

H 

co 


i  1 

1  1  1 

i 

co  H 

>2 

2  Pd 

Pd 

<  o 

Q 

Pd  CX 

H 

) 


) 


J 


3 


himoed  ao  inioj  .tvwixjo,  iv  cnaia  ni  onigmvis  aoao 


D 


PC 

c 


X) 

c 

03 

_c 

<u 

PC 

03 

>-i 

O 


Cfl 

03 

cc 

Cfl 

0) 

<J 

O 

U 

CX 

<v 

> 


03 

C 

a; 


03 


S 

03 

l-i 

PC 

03 


T3 

I 


)-i 

O 

3 

4-1 

03 

C 


03 

3-i 

03 

C 

03 

O 


ro 

03 

3-i 

3 

PC 

•H 

Ph 


19 


Figure  4.  Simplified  flow  chart  of  the  simulation  programs. 
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4.2  Route  Selection 

As  the  transaction  progressed  through  the  network,  it  encountered 
nodes  with  multiple  exits.  The  exiting  arrow  chosen  was  selected  at 
random  using  a  TRANSFER  block  in  the  PICK  mode.  Consequently, 
alternative  routes  did  not  necessarily  have  the  same  probability  of 
being  selected. 

The  GPSS/360  package  permits  weighting  the  selective  transfer  block 
provided  only  two  alternatives  are  presented.  Therefore,  by  increasing 
program  size  and  complexity,  the  program  could  be  altered  to  select  each 
alternative  route  with  equal  probability.  One  disadvantage  is  that 
expansion  of  the  network  would  lead  to  a  multiplication  of  changes 
required  in  the  program. 

Prior  to  actually  running  the  simulation  program,  the  number  of 
transactions  required  to  be  reasonably  confident  of  selecting  each 
route  at  least  once  should  be  determined.  The  negative  binomial  model 
can  be  expressed  as 


N 

Z 

i=k 


N 


i  N-i 

q 


where  ..C. 
N  1 


N! 

i.'(N-i)  ! 


p  =  probability  of  choosing  the  least  likely  path,  x 

q  =  l-p 

N  =  number  of  random  selections 

k  =  minimum  number  of  occurrences  of  x  in  N 
selections 

Pr  =  the  desired  level  of  probability  of  k 
occurrences  of  x  in  N  selections 
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According  to  Steel  and  Torrie  (118),  normal  approximation  will 
apply  as  p  becomes  very  small  and  k  remains  relatively  small.  A  small 
computer  program  was  written  to  iteratively  determine  N  given  p,  k 
(set  equal  to  1),  and  Pr^  +  e  where  e  =  0.001.  Table  2  indicates  the 
approximate  number  of  selections  required  under  different  network 
conditions.  The  first  sub-section  of  the  network  had  224  alternative 
routes,  with  the  probability  of  randomly  selecting  the  least  probable 
route  of  0.00261.  The  required  number  of  transactions  for  90% 
probability  was  883.  For  the  second  sub-section  of  the  network,  6720 
alternative  routes  existed  with  the  least  likely  having  a  probability 
of  0.000083  of  being  selected.  By  consolidating  many  of  the  minor 
route  variations,  the  number  of  routes  could  be  reduced  to  1344.  Even 
with  such  a  reduction,  the  required  number  of  transactions  for  90% 
probability  was  4640. 

4.3  Program  Subdivisions 

These  transaction  requirements  indicated  that  the  program  would  have 
been  difficult  to  handle  adequately  in  one  computer  simulation.  The 
program  listed  in  Appendix  G  represented  less  than  one-third  of  the 
entire  network  yet  used  three  to  four  minutes  of  computer  time  to 
complete  the  assembly  phase  alone  —  any  transactions  taking  additional 
time . 

Note:  Because  normal  allocation  of  computer  core  storage  for  entities 
proved  inadequate  for  some  types  of  entities  3  the  REALLOCATE  card  was 

used  to  give  additional  core  to  COMMON,  BLOCK  and  transaction  entities. 
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TABLE  2.  TRANSACTIONS  REQUIRED  AS  CALCULATED  FROM  THE  NEGATIVE 
BINOMIAL  PROBABILITY  FUNCTION 


p 

N  for  Pr  +  e 

Pr  =  0.90 

Pr  =  0.95 

Pr  =  0.99 

0.1 

22 

29 

44 

0.05 

45 

59 

90 

0.04 

57 

74 

113 

0.03 

76 

99 

152 

0.02 

114 

149 

230 

0.01 

230 

300 

460 

0.005 

460 

600 

900 

0.00261a 

883 

1,152 

1,766 

0.001 

2,300 

3,000 

4,600 

0.000496 

4,640 

6,050 

9,280 

0.0001 

23,000 

30,000 

46,000 

0.000062 

27,820 

36,290 

55,640 

The  last  five  lines  give  only  approximate  values  of  N. 


In  view  of  the  large  requirements  for  core  storage  and  execution 
time,  the  entire  network  was  split  into  segments.  It  was  considered 
that  a  logical  division  could  be  made  between  direct  cut  and  field 
cured  systems.  The  first  computer  program  incorporated  dehydrated 
alfalfa  and  high  moisture  silage,  while  the  second  included  wilted 
alfalfa  silage  and  haylage.  Those  sections  of  the  network  dealing 
with  bales,  wafers,  pellets  and  bulk  hay  were  not  simulated  and 
analyzed  because  of  general  time  limitations. 


' 
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5.  PROGRAM  DATA  AND  DATA  MODIFICATIONS 

5.1  Input  Data  Formats 

Some  of  the  input  data  remained  constant  throughout  the  simulation 
and  were  applicable  to  all  subdivisions  of  the  program.  Labour  cost, 
for  example,  was  set  at  $2. 00/hr.  In  the  case  of  neighbour  exchange 
work,  a  lower  rate  might  be  more  realistic.  However,  all  labour  was 
charged  at  the  same  rate,  whether  full-time  or  casual,  owner  labour  or 
hired  labour.  Rest  allowance  figures  are  another  example.  Rest 
allowances  for  machine-controlled  and  for  manual  or  demanding  tasks 
were  maintained  at  12§%  and  30%,  respectively,  as  used  by  Dilke  (39)  and 
by  Devine  and  Wright  (38) . 

Values  of  certain  program  parameters  were  changed  from  pass  to 
pass  through  the  network.  A  subjective  decision  was  made  as  to  which 
parameters  should  be  approximated  by  linear  approximations  or  linear 
regression  equations  and  which  should  be  approximated  by  a  number  of 
fixed  but  alternative  values.  For  example,  a  number  of  specific 
machines  in  a  given  category  could  be  approximated  by  one  linear 
regression  equation  or  could  be  inserted  in  the  program  as  a  set  of 
alternative  units,  one  to  be  selected  at  random.  Where  interaction  of 
parameters  was  unknown,  the  parameter  level  was  dependent  on  management, 
or  had  been  successfully  approximated  by  other  researchers  as  a 
constant,  the  following  approach  was  considered  to  be  warranted: 

Where  the  input  datum  was  within  a  specified 
range,  a  point  in  this  range  was  randomly 


selected . 
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5.2  Cost  Evaluation  of  Forage 

Some  constants  could  be  calculated  then  inserted  into  the  program 
or  could  be  calculated  during  the  first  pass  through  the  network.  The 
latter  approach  was  taken  in  determining  cost  figures  for  digestible 
protein  (DP)  and  digestible  energy  (DE) ,  these  two  coefficients  used 
throughout  the  simulation  to  evaluate  crop  maturity,  weather  losses, 
mechanical  field  losses  and  storage  losses.  The  "Petersen"  method 
of  cost  evaluation  of  feeds  as  revised  by  Morrison  (90)  was  used.  The 
difference  in  cost  between  a  pound  of  the  cheapest  protein  source  and 
an  equivalent  weight  (DE  basis)  of  the  cheapest  energy  source  was 
attributed  to  the  extra  protein  in  the  protein  source  (see  Appendix  I 
for  equations  used) . 

With  reference  to  table  3,  if  urea  was  the  cheapest  protein  source 
and  wheat  the  cheapest  energy  source,  purchased  protein  cost  $37.37  per 
ton  of  DP  and  purchased  energy  cost  $8.34  per  kilotherm  (kth)  of  DE. 

If  soybean  meal  was  the  cheapest  protein  source  due  to  limitations  on 
the  use  of  urea  in  the  ruminant  diet,  purchased  protein  cost  $102. 89/ton 
DP  and  purchased  energy  cost  $5.84/kth  DE.  For  this  simulation, soybean 
meal  and  wheat  were  chosen. 

Growth  data  on  forage  crops  in  the  Edmonton  area  appears  limited. 

In  New  York  State,  Millier  and  Rehkugler  (88)  were  able  to  obtain 
growth  functions  with  corresponding  protein  and  energy  values  in  their 
simulation  of  forage  handling.  Care  must  be  taken  in  using  such  growth 
functions  since  growing  patterns  vary  substantially  from  region  to  region 
and  season  to  season  depending  on  cultural  practices,  managerial 
expertise  and  seasonal  weather.  In  lieu  of  growth  functions,  constant 


TABLE  3.  FEEDSTUFF  AND  COST  COEFFICIENTS 
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yields  were  used  in  this  simulation  with  a  growth-maturity  factor  to 
roughly  evaluate  the  economic  importance  of  various  losses  and  to 
determine  whether  growth-curve  functions  would  appreciably  affect  the 
optimal  choice  of  forage  handling  system.  A  dry  matter  yield  of  one 
ton  per  acre  was  assumed  for  both  cuttings  —  the  field  located  an 
arbitrary  distance  of  one  mile  from  storage.  In  actuality,  the  second 
yield  datum  is  likely  to  be  less  than  the  first  depending  on  the  stage 
of  development  at  first  cutting  and  the  nature  of  the  subsequent 
weather . 

For  this  analysis,  the  late  bud  to  early  bloom  stage  of  the  alfalfa 
in  the  grass-legume  mixture  was  taken  as  being  the  optimal  point  for 
cutting  —  optimal  in  terms  of  feeding  value  per  acre.  Fulkerson  et  al ♦ 
(51),  in  studies  in  Ontario,  showed  that  cutting  at  this  recommended 
stage  would  result  in  the  harvest  of  only  70%  of  the  dry  matter  but 
would  produce  94%  of  the  crude  protein.  The  protein  and  energy 
coefficients  as  given  by  NRC  (92)  for  pre-bloom  alfalfa  hay  were  taken 
as  a  better  indicator  of  feeding  content  of  uncut,  early  bloom  forage 
than  the  coefficients  for  early  bloom  alfalfa  hay.  The  reason  for  this 
assumption  is  that  about  70%  of  the  protein  in  the  alfalfa  plant  is 
contained  in  the  leaves  (98) ,  and  leaf  losses  are  substantial  for  any 
haying  system  incorporating  field  curing  of  alfalfa  hay.  Ingalls  (66), 
in  a  note  on  forage  quality,  stated  that  harvesting  alfalfa  in  the  first 
bloom  stage  results  in  increased  dry  matter  intake  by  animals,  increased 
energy  value  per  pound  of  forage,  increased  protein  per  pound  of  forage, 
and  increased  protein  and  digestible  energy  yield  per  acre.  "Each  day's 
delay  in  harvesting  of  first  cut  hay  results  in  0.2  to  0.5  percentage 
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points  decrease  in  digestibility."  Of  course,  this  figure  will  change 
from  species  to  species  and  over  time.  According  to  a  United  Grain 
Grower’s  publication  (33),  Ingalls'  rule  of  thumb  is  that  feeding  value 
per  acre  of  first  cut  forage  drops  more  than  1%  per  day  from  early 
flowering  to  mature  stages.  This  1%  figure  was  used  as  a  growth- 
maturity  factor  in  the  simulation  for  both  cuttings  and  over  the  entire 
cutting  period  —  a  deviation  from  reality  likely  of  limited  consequence 
in  comparison  to  other  aspects  of  the  cost-benefit  analysis.  Although 
dry  matter  yield  was  held  constant,  the  approximate  change  in  feeding 
value  was  noted  and  converted  to  a  penalty  cost. 

5.3  Operating  Costs  of  Power  Units 

Fuel  consumption  data  are  dependent  primarily  on  the  task  the 
power  unit  is  assigned.  Southwell's  (114)  1966  analysis  of  tractor 
relative  engine  efficiencies  was  used  as  a  basis  for  establishing  fuel 
consumption  data.  He  used  the  following  datum  and  equation: 
specific  fuel  consumption  =  0.45  lb/hp-hr 


engine  efficiency  = 


0.45  lb/hp-hr 


lb/hprhr  at  max.  pto  at  rated  speed 
Given  fuel  density  figures  taken  from  Barger  et  al.  (8) ,  and 

Southwell's  relative  engine  efficiencies, 
gal  ,  100% 


=  (< 


)  (  0. 45  lb  ) jib 


pto  hp-hr  v%  rel.  eng.  eff.  pto  hp-hr  gal 
One  factor  not  taken  into  consideration  in  the  program  was  that  for 
some  field  and  farmstead  operations,  within  the  sequence  chosen  for  any 
one  transaction,  fuel  consumption  will  drop  because  of  operation  at 
other  than  maximum  pto  hp-.  Another  factor  not  considered  in  this 
program  was  the  different  engine  efficiencies  one  might  expect  for  small 


- 


TABLE  4.  FUEL  COST  AND  CONSUMPTION  DATA 


28 


GO 

g 

•H 

>■> 

G 

cd 

> 

5-i 

G 

G 

co 

G 

O 

4-1 

a 

cd 

!-i 

■u 

a 

Pm 

• 

t-3 

CO 

5m 

5m 

O 

O 

4-1 

MM 

a 

G 

G 

G 

O 

4-J 

•H 

4-1 

G 

Cm 

G 

6 

•H 

G 

i— 1 

CO 

O 

G 

co 

O 

G 

O 

00 

i — 1 

G 

a) 

O 

G 

CM 

CM 

4-1 

G 

G 

go  s: 

cd 

4-1 

5m 

(L> 

CO 

> 

G 

G 

G 

GO 

G 

00 

G 

rH 

CO 

G 

o 

o 

CO 

43 

G 

5m 

6 

cd 

•H 

G 

4-J 

>-• 

O 

CN 

<3 

• 

c/o 

rH 

<3 

• 

’X) 

ON 

rH 

G 

cO 

G 

co 

4-1 

G 

i— i 

G 

e 

CO 

G 

•H 

g 

43 

X 

o 

4-1 

O 

i- 1 

G 

i— i 

o 

P-i 

G 

4-» 

P- 

GO 

G 

GO 

r— 1 

G 

CO 

cd 

•H 

*1-1 

•H 

T3 

5-1 

G 

co 

0) 

O 

G) 

a* 

O 

G 

e 

O 

O 

M 

<3 

r-l 

Cd 

40 

29 


gasoline  engines,  the  assumption  being  that  any  error  introduced  would 
have  a  negligible  effect  on  the  total  operating  cost  for  the  system. 

Table  5  appears  to  indicate  that  the  lower  limits  on  fuel  consumption 
are  slightly  higher  than  one  might  expect,  if  estimated  values  used  by 
Maish,  Cuykendall  and  Hasbargen  (85)  are  reasonably  accurate. 

Lubrication  costs  are  approximated  as  15%  of  the  fuel  cost,  as 
suggested  in  the  1969  ASAE  Yearbook  (48) .  Fuel  consumption  for  farm 
trucks  was  set  at  six  mpg  when  travelling  full  or  operating  under  load, 
and  eight  mpg  when  travelling  empty  or  idling.  These  figures  were 
suggested  as  a  rough  guideline  by  a  local  supplier  of  farm  trucks. 

Transport  speeds,  both  empty  and  loaded,  were  introduced  in  the 
program  as  constant  for  any  one  transaction  but  varying  within  a  range 
for  the  entire  simulation.  However,  the  type  of  operator  and  the 
roughness  of  the  terrain  would  influence  these  speeds.  Subroutine 
SPEED  selected  a  point  at  random  in  the  given  range  (see  table  6) 
whenever  transport  speeds  were  required. 

Custom  transporting  was  compared  to  owning  transport  units  and 
hiring  drivers  —  two  different  arcs  in  the  network.  A  custom  rate  of 
$4. 00/hr  for  a  35  to  40  hp  tractor  plus  driver  and  a  figure  of  $8. 00/hr 
for  a  farm  truck  plus  driver,  hired  on  a  work-day  basis,  were  used.  The 
former  figure  was  chosen  after  studying  a  survey  of  custom  charges  for 
various  sizes  of  tractor  units  in  the  Ponoka  County  (32) ,  although  the 
rate  would  be  significantly  higher  for  a  full-time  custom  operator. 

Thus,  forage  handling  systems  using  custom  transporting  facilities  would 
be  given  a  favourable  bias  if  any  bias  occurred. 


30 


TABLE  5.  COMPARISON  OF  FUEL  CONSUMPTION  ESTIMATES 


Tractor 
pto  hp 

Gasoline  Consumption  Diesel  Consumption 

0.076  gal  0.055  gal 

pto  hp-hr  pto  hp-hr 

Estimated  Gasoline 
„  .  a 

Consumption 

gph  (US) 

gph  (US) 

gph  (US) 

30 

2.28 

1.65 

1.7 

40 

3.04 

2.20 

2.2 

45 

3.42 

2.48 

2.5 

55 

4.18 

3.02 

3.0 

aSource : 

Maish, 

Cuykendall 

and  Hasbargen  (85)  . 

TABLE  6.  MATRIX 

OF  TRANSPORT 

SPEEDS 

Speed  Range  Loaded 

Speed 

Range  Empty 

Transport  Unit 

minimum 

maximum 

minimum  maximum 

mph 

mph 

mph 

mph 

Tractor 

8 

15 

10 

20 

Truck 

20 

30 

25 

40 

Where  some  mechanical  component  in  the  system  required  fuel  oil, 
the  Edmonton  cost  of  17§d/gal  was  used.  Electricity  for  farms  in  the 
Edmonton  area  costs  about  lz^q/kwh.  Conversion  figures  of  0.7452 
kw  per  hp  and  2/3  electric  hp  per  internal  combustion  hp  (123)  were 
applied  when  required. 

5.4  Amortization  and  Repair  Costs  of  Power  and  Transport  Units 

Regression  equations  were  used  to  calculate  initial  fixed  costs  of 
both  power  and  transport  units.  A  salvage  value  of  10%  was  deducted 
from  the  initial  cost  and  the  remainder  amortized  on  a  straight-line 
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basis  as  allowed  by  the  1969  Farmer's  and  Fisherman's  Tax  Guide  (21). 
Interest  rate  was  included  at  a  constant  8%.  A  machinery  insurance 
rate  of  0.5%  and  a  housing  rate  of  1%  were  used. 

Because  required  pto  hp  and  necessary  transport  capacity  were 
considered  as  parameters  having  a  range  of  possible  values,  a  regression 
analysis  of  available  cost  data  would  provide  the  necessary  coefficients 
to  find  an  initial  cost  at  any  point  in  the  permitted  range.  Table  7 
shows  the  regression  equations  used  for  finding  initial  costs  of  power 
and  transport  units;  a  more  extensive  table  is  available  in  Appendix  D. 

Repair  and  maintenance  costs  were  calculated  on  an  hourly  basis  as 
a  percent  of  purchase  price,  as  outlined  in  the  1969  ASAE  Yearbook  (48) 
and  as  used  in  several  analyses,  the  systems  study  of  Meyer,  Frisby  and 
Martz  (87)  providing  a  good  example.  Where  specific  repair  cost  data 
were  unavailable,  a  subjective  decision  was  made  as  to  which  machine  most 
closely  resembled  it  in  terms  of  machine  life  and  hours  of  use  per  year. 
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TABLE  7.  REGRESSION  EQUATIONS  USED  TO  CALCULATE  THE  NEW  COST  OF  POWER  AND 
TRANSPORT  UNITS 
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6.  FORAGE  SYSTEMS  WITH  NO  FIELD  CURING 


6.1  Program  Inputs 

6.1.1  Initial  method  alternatives  —  Western  Canadian  farmers  harvesting 
forage  directly  without  allowing  any  field  curing  of  the  forage  are 
limited  to  a  high-moisture  silage  or  a  dehydrated  alfalfa  product.  Such 
direct-cut  methods  in  the  Edmonton  area  utilize  some  kind  of  forage 
harvester.  For  this  simulation,  four  different  possibilities  were 
considered.  The  pull- type,  flail-type  forage  harvester  is  in  a  class 

by  itself  in  terms  of  initial  capital  outlay,  power  requirements,  and 
resulting  state  of  the  forage.  Pull-type  forage  harvesters  with  cutter 
bars  were  subdivided  by  type  of  cutterhead  (i.e.,  cylinder  or  flywheel) 
since  the  price  differential  was  considerable.  On  the  other  hand,  all 
of  the  few  distinct  types  of  self-propelled  forage  harvesters  were 
grouped. 

The  first  section  of  figure  5  and  all  of  figure  6  show  the 
network  alternatives  and  subdivisions  included  in  the  first  computer 
program  (see  program  in  Appendix  G) .  Although  the  lef t- to-right  flow 
indicated  by  the  arrows  is  primarily  a  decision  flow  and  not  a  time  flow, 
it  does  not  obviate  the  possibility  of  loops  and  tests  in  the  program  at 
intermediate  points. 

Note:  A  test  was  made  at  node  80  as  to  which  type  of  material  was 
previously  chosen  at  node  28 ,  going  directly  to  node  13000  if  dehydrated 
alfalfa  or  to  node  81  if  high-moisture  silage.  Thus  there  were  224 
alternative  routes  with  the  least  likely  having  a  probability  of  1/Z84 
or  0.00261.  Table  2  can  be  checked  to  determine  the  minimum  number  of 
transactions  required  for  a  given  probability  of  choosing  the  least-cost 
system  alternative. 
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Figure  5.  Initial  network  section. 
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Figure  6.  Silage  and  dehydrated  alfalfa  network  section. 


FORAGE  E/W  FOR  TRANSPORT  TO  FEEDING  SITE  OR  TO  FURTHER  PROCESSING 
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As  in  SPNA,  the  node  numbering  system  was  purely  a  matter  of 
notation  and  did  not  require  a  set  pattern.  Also,  dummy  arrows  were 
introduced  to  ensure  uniqueness  of  definition  (as  required  in  CPM  or 
SPNA)  —  not  because  the  simulation  required  them  but  because  subsequent 
analysis  could  then  trace  system  components  without  difficulty.  Broken 
lines  were  used  for  alternatives  arbitrarily  excluded  from  this  analysis. 
Perhaps  these  alternatives  would  be  worth  considering  for  special 
situations  where  other  enterprises  could  make  use  of  the  same  equipment. 

6^1,2  Some  Functions  —  FUNCTIONS  1,2  and  3  are  dollar— cost  functions  for 
three-phase  electric  motors,  the  cost  figures  representative  for  the 

Edmonton  area.  FUNCTIONS  4  and  5  are  also  dollar-cost  functions,  but 
for  small  gasoline  engines  and  single-phase  electric  motors  using  the 
quotations  from  two  Edmonton  distributors.  Discrete  functions  were  used 
because  hp  ratings  other  than  those  listed  are  either  unavailable  or  not 
normally  requested  in  Edmonton. 

Note:  Since  GPSS  FUNCTION  cards  are  not  block  entities 3  they  are 
unaffected  by  and  do  not  affect  the  transaction  flew.  Functions  can  be 
placed  anywhere  in  the  program  but  must  precede  the  first  block 
referencing  them  —  thus  the  placement  of  functions  at  the  outset  of 
this  program. 

Loss  FUNCTIONS  6  and  11  were  taken  from  Weller's  (127)  tables  and 
are  given  in  table  8.  It  should  be  noted  that  these  tables  reflect  mean, 
rather  than  an  entire  range  of  values.  Since  the  losses  were  to  be 
stored  as  integer  values,  there  would  be  little  advantage  in  using 


continuous  over  discrete  functions. 
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TABLE  8. 

DRY  MATTER 

LOSSES  FOR 

SEALED  BUNKER 

SILOS 

Moisture 

Field 

Seepage 

Fermentation 

Surface 

Total 

Content 

Losses 

Losses 

Losses 

Losses 

Losses 

%  w.b  .) 

(%  DM) 

(%  DM) 

(%  DM) 

(%  DM) 

(%  DM) 

85 

2 

8 

11 

2 

23 

80 

2 

5 

10 

2 

19 

75 

3 

2 

8 

2 

16 

70 

3 

1 

7 

4 

15 

65 

4 

0 

9 

5 

18 

Note:  FUNCTIONS  8  and  10  deal  with  halfword  SAVE VALUE  entities  that  have 
one  value  or  a  range  of  possible  values.  After  each  transaction  is 
generated3  these  entities  have  their  values  reset  by  the  initializing 
subroutine.  In  the  INITL  subroutine 3  an  integer  in  the  given  range 
(FUNCTION  10)  is  randomly  selected 3  then  added  to  the  lowest  value  (FUNCTION 
8)  to  give  a  constant  value  for  the  duration  of  the  year  being  simulated. 
6.1.3  Forage  harvesters  —  Moisture  content  of  direct-cut  forage  was 
given  a  range  of  72%  to  80%  wet  basis  in  this  analysis.  This  range 
includes  values  observed  by  Pedersen  and  Buchele  (9  8),  Home  and 
Kjelgaard  (64),  Shepperson  and  Corrie  (111),  and  Dudar  (44).  According 
to  Bainer,  Kepner  and  Barger  (5),  actual  maximum  working  capacity  of  the 
forage  harvester  will  ordinarily  be  somewhat  less  than  the  theoretical 
maximum  indicated  by  the  specifications.  Difficulties  arise  in 
maintaining  a  uniform  feed  rate  because  of  field  design,  crop  density 
and  care  in  harvester  maintenance.  Again,  according  to  the  same 
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authors,  the  shearing  or  cutting  of  the  forage  is  the  largest  single 
power  requirement  in  operating  a  forage  harvester.  Cutting  energy 
requirements  vary  with  the  type  of  material,  moisture  content  and  length 
of  cut.  The  ASAE  Yearbook  (46)  suggests  1  to  2§  hp-hr  per  ton  of  dry 
matter  for  grass  silage  with  a  desired  theoretical  length  of  cut  of 
5  inch.  Work  at  Purdue  University,  referenced  by  Bainer,  Kepner  and 
Barger  (5),  indicated  that  required  energy  becomes  more  a  parabolic 
function  of  moisture  content  as  the  fineness  of  chop  increases.  Roughly 
approximating  these  graphed  values,  a  three-inch  theoretical  length  of 
cut  should  require  from  5  to  l£  hp-hr  per  ton  of  dry  matter.  Because 
length  of  cut  is  not  a  critical  factor  in  any  of  the  systems  considered 
in  this  program,  the  longest  length  of  cut  was  chosen.  For  harvesters 
with  a  cutterhead,  this  length  will  theoretically  be  in  the  order  of 
three  inches.  Shepperson  and  Corrie  (111),  among  others,  have  found 
that  the  actual  length  of  cut  exceeds  the  theoretical  to  some  extent. 
Therefore,  the  length  of  flail-cut  forage  may  not  differ  greatly  from 
cutterhead-chopped  material.  The  figure  of  l£  pto  hp-hr/ ton  DM  was  used 
as  a  constant  throughout  this  part  of  the  simulation  in  determining  the 
power-dependent  rate  of  harvesting  for  a  given  size  of  power  unit. 

This  figure  was  compared  to  the  width-dependent  rate  of  harvesting  and 
the  limiting  one  used  as  a  constant  for  the  transaction  in  progress. 

Forage  harvesting  speeds  used  in  the  latter  calculations  ranged  from  3.3 
to  4.6  mph  as  given  in  The  Grain  Grower  (122).  In  both  rate  calculations, 
field  shape  and  size,  rough  terrain,  driver  expertise  and  mechanical 
delays  were  taken  into  account  by  means  of  an  efficiency  figure.  The 
ASAE  Yearbook  (48)  gives  a  range  of  50%  to  75%  efficiency  for  forage 


harvesters . 
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Self-propelled  harvesters  require  a  good  proportion  of  their  total 
horsepower  for  locomotion  and  therefore  the  width-dependent  rate  of 
harvesting  will  likely  be  the  limiting  one. 

6.1.4  Weather  analysis  —  The  single  criterion  used  for  establishing 
work  and  non-work  days  was  field  tractability .  Although  one  might 
expect  to  cut  forage  before  crop  land  is  dry  enough  to  cultivate,  three 
other  factors  to  consider  are: 

(1)  if  the  sod  is  quite  wet,  tractor  wheels  may 
'chew  up'  the  sod. 

(2)  wet  forage  and  wet  soil  together  may  tend 
to  plug  or  gum  sickle-bars. 

(3)  forage  that  is  cut  and  laid  on  top  of  moist 
to  wet  ground  may  absorb  moisture,  or  at 
least  dry  at  a  slower  rate,  thus  increasing 
drying  time  requirements  and  increasing  the 
likelihood  of  weathering. 

Rutledge  (107)  studied  field  tractability  probabilities  in  the 
Edmonton  area  on  two  different  types  of  soil.  "The  soil  moisture 
content  was  used  to  determine  whether  tillage  operations  were  possible 
or  not."  In  his  analysis  of  historical  weather  data  (1921  through  1965), 
Rutledge  labelled  a  particular  day  as  a  non-work  or  a  'bad'  day  if 
"...  moisture  content  in  any  one  of  the  top  three  zones  was  above  95%  of 
field  capacity  or  if  there  was  snow  on  the  ground". 

For  this  cost-benefit  study,  Rutledge's  (107)  tables  of  observed 
'good'  and  'bad'  days  were  analyzed  and  the  resulting  cumulative 
frequency  distributions  inserted  into  the  GPSS  program  as  continuous 
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functions.  The  two  hay  harvesting  periods  used  by  Russell  (106)  for 
the  Edmonton-Red  Deer  area  were  (1)  June  20  to  July  15,  and  (2)  August  15 
to  September  18.  These  two  periods  were  used  in  analyzing  the  data  but 
further  analysis  was  conducted  to  determine  the  influence,  if  any,  of 
alternate  end  dates  and  period  lengths  (see  Appendix  F) .  Since 
Rutledge  (107)  noted  a  persistence  factor,  allowance  was  made  in  the 
weather  analysis  program  for  this  likelihood. 

During  simulation, the  first  day  of  a  haying  season  was  either 
'good*  or  ’bad’,  good  if  the  random  number  was  less  than  or  equal  to 
the  probability  of  a  good  day.  Then  the  period  length  was  chosen  from 
the  appropriate  weather  function  (see  figures  7  and  8)  by  another  random 
number.  Subsequently,  good  and  bad  periods  alternated  until  the  forage 
crop  was  completely  harvested  or  until  the  forage  cut  earliest  had 
sufficient  time  to  regrow  and  reach  the  flowering  stage.  Heinrichs, 
Troelsen  and  Warder  (59)  found  the  mean  interval  from  cutting  to 
flowering  to  be  40.7  days,  with  Rambler  and  related  alfalfa  varieties 
requiring  44.3  days  on  the  average.  For  this  study,  a  44-day  period 
was  decided  on  since  more  accurate  growth  functions  were  unavailable. 

Figure  9  gives  the  general  steps  used  in  this  weather  subroutine. 

Provision  was  made  to  calculate  the  potential  feeding  value  of  forage 
left  uncut  at  the  end  of  this  44-day  period. 

6.1.5  Transport  of  direct-cut  forage  —  Maximum  payloads  for  truck  and 
wagon  transports  were  nine  and  eight  tons,  respectively.  In  the  analysis, 
one  ton  was  subtracted  from  maximum  payloads  as  a  weight  allowance  for  a 
forage  box.  The  eight-ton  figure  roughly  corresponded  to  the  maximum 


payload  observed  for  different  wagon  running-gear  (see  table  Dl) .  The 
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Figure  7.  Cumulative  forage-cutting  probabilities  -  first  cut. 
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Figure  8  .  Cumulative  forage-cutting  probabilities  -  second  cut. 
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Mainline 
C  calls  in 
\  SDCUT. 


Set  constants,  counters  and  accumulators. 


Find  standard  capacity 

in  x  1000 

hr. 


Find  standard  loading  time  per  load. 


Determine  delays  occurring  for  the  harvester  if  the 
maximum  number  of  transporting  units  are  available. 


Determine  delays  for 
one 

transporting  unit  only. 


Set  the  number  of 
transporting  units 
to  one. 


Establish  the  number 
of  units  required. 


Set  the  number  of 
transporting  units  at 
the  maximum  value . 


I 


Calculate  total  loads  per  day  and  acres  per  day 


Generate  a  random  number  to  be  used  for  setting 
the  first  day  of  the  season. 


YES 


Figure  9.  Continued. 
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Figure  9.  Continued. 
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Figure  9.  Flow  chart  of  the  weather  subroutine  for  direct-cut 
forage  harvesting. 
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maximum  of  nine  tons  for  a  farm  truck  was  chosen  because  the  side— tip 
wagon  drawn  behind  the  forage  harvester  had  a  maximum  net  load  of  eight 
tons  of  wet  material.  For  any  one  transaction  the  maximum  gross 
weights  for  farm  wagons  and  trucks  were  selected  from  their  respective 
ranges  of  four  to  eight  tons  and  three  to  nine  tons.  Half-ton  incre¬ 
ments  were  decided  on  since  this  is  the  capacity  increment  prevalently 
used. 

Dry  matter  density  for  the  high— moisture  forage  on  the  load  was 
set  arbitrarily  at  eight  pcf. 

In  calculating  the  number  of  transport  units  required  to  work 
with  one  harvester,  a  step-wise  method  approximating  "Tischler’s 
formula"  as  used  by  van  Kampen  (69)  was  used. 

Note:  The  several  time  elements  within  the  transport -cycle  (other  than 
road  time  and  loading  time)  were  stored  in  halfword  MATRIX  SAVEVALUE  1 
referred  to  in  the  program  as  MH1. 

Dilke  (39)  observed  a  hitching  time  of  2.55  minutes  for  two  men 
hitching  a  four-wheel  trailer  behind  a  pto-driven  forage  harvester. 

For  this  study,  a  hitching-unhit ching  cycle  of  5.10  minutes  was  used 
since  the  full  wagon  must  be  hitched  to  the  transporting  tractor  and 
the  empty  one  to  the  forage  harvester.  If  trucks  were  used,  the  above 
time  was  replaced  by  a  dump-cycle  time  for  the  hydraulic  side-tip  wagon 
of  0.75  minutes.  This  datum  was  gained  from  a  spot-check  observation 
made  by  the  author  at  the  farm  of  Omer  Brassard  near  Leduc.  The  figure 
falls  within  the  range  observed  by  Dilke  (39)  for  hydraulic  rear-tip 
wagons.  The  dump  time  for  trucks  was  set  at  0.61  minutes,  the  mean 
time  noted  by  Dilke  (39)  for  hydraulic  rear-tip  wagons.  Keller  (70) 
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reported  an  unloading  time  of  6 .60  minutes  for  wagons  with  an  unloading 
elevator  and  a  grass-clover  forage  capacity  of  2400  kilograms.  These 
figures  equate  to  2.70  standard  minutes  per  ton,  the  figure  used  in 
this  program  for  self-unloading  forage  boxes.  Manoeuvering  time  for 
dump  transports  was  taken  from  Dilke  (39)  as  1.81  minutes  per  load. 

This  time  was  a  composite  of  elements:  approach  tipping  point  (0.43 
minutes),  open  tailboard  (0.50  minutes),  close  tailboard  (0.52  minutes), 
and  pull  away  from  tipping  position  (0.36  minutes). 

In  all  cases,  checks  were  made  on  other  potentially  limiting 
factors  such  as  blower  capacities,  elevator  conveying  rates,  dehydrator 
feed  and  dehydration  rates,  and  silage  packing  rates  before  the 
transport-cycle  time  was  fully  calculated. 

6,1.6  Dehydrators  —  Only  one  dehydrator  was  included  in  this  study. 

3 

The  total  dehydrator  cost  included  the  hydraulic  lift  apron  with  a  800  ft 

holding  capacity,  the  automatic  feeder  with  a  discharge  rate  of  775  to 
3 

2325  ft  /hr,  the  cyclomatic  dehydrator  with  a  maximum  fuel  oil 
requirement  of  180  gph,  the  required  electric  motors  to  a  total  of  122  hp , 
and  the  necessary  concrete  pads  and  supports  (see  section  D3) .  Component 
capacities  were  checked  to  spot  limitations  on  transport  loading  rates,  if 
such  existed.  Although  Richey  (104)  claimed  the  equilibrium  moisture 
content  of  alfalfa  to  be  5%  to  8%  (wet  basis),  a  dehydrated  value  of 
10%  moisture  content  was  used,  a  figure  used  by  the  manufacturer  in  the 
specifications  and  well  within  the  ranges  given  by  Hall  (55)  for  storing 
alfalfa  hay.  The  manufacturer  specified  a  18,000  lb/hr  evaporative 
capacity  when  the  initial  moisture  content  was  not  less  than  70% 
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(wet  basis) .  An  efficiency  factor  of  50%  to  85%  was  used  for  the 
rotary  drum  drier,  as  mentioned  by  Fortin  (20) . 

Weather  protection  for  the  dehydrator  complex  consisted  of  a 
pole-frame,  truss  rafter,  open  building.  Constructed  cost  for  such  a 
building  in  the  Edmonton  area  can  range  from  $0.95  to  $1.40  per  square 
foot  depending  on  the  dimensions  and  on  the  roofing  material.  For  any 
particular  transaction,  the  cost  figure  was  selected  randomly  from  this 
range . 

The  forage  was  conveyed  from  dehydrator  to  storage  via  a  chain- 
and-f light  farm  elevator.  Because  the  building  arrangement  is  not 
established,  because  the  vertical  lift  depends  on  the  position  of  the 
dehydrator  outlet  and  on  the  maximum  height  of  stored  product,  and 
because  these  farm  elevators  differ  in  flight  dimensions,  the  required 
length  of  conveyor  was  arbitrarily  set  equal  to  the  length  of  the 
storage  facility  plus  10  feet.  Angle  of  repose  was  set  at  60  degrees 
(a  figure  used  by  Neubauer  and  Walker  (93)  for  chopped  hay) ;  conveyor 
speed  was  set  at  125  fpm  (suggested  as  maximum  by  the  Materials 
Handling  Manual  (24));  flight  dimensions  of  one  conveyor  were  used, 

3  inches  deep  by  21  inches  wide  with  a  14-inch  separation.  Even  at  a 
normal  flight  volume  of  level  full,  the  elevator  capacity  was  found  to 
be  adequate  for  handling  the  dehydrated  alfalfa  at  up  to  100% 
dehydrator  efficiency,  i.e.,  6.6  tons  per  hour  at  a  low  density  of 
four  pcf . 

The  storage  building  chosen  had  the  common  32-foot  width  with  a 
16-foot  sidewall.  The  building  was  of  pole-frame  construction  with 
truss  rafters,  totally  enclosed  and  built  complete  with  concrete  floor. 
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2 

If  filled  to  a  depth  of  14  feet,  the  effective  endwall  area  was  448  ft  . 
At  a  bulk  density  of  10  pcf,  capacity  could  be  calculated  at  roughly 
2.24  tons  of  material  per  linear  foot.  Constructed  cost  of  the 
building  was  calculated  on  a  square  foot  basis  at  from  $1.25  to  $1.50 
per  square  foot  plus  $0.60  per  square  foot  of  concrete. 

The  unloading  method  chosen  utilized  a  tractor  scoop.  The 

largest  front-end  scoop  size  available  in  Edmonton  for  an  agricultural 

3 

tractor  was  21  ft  .  The  low  density  of  material  meant  that  a  larger 
unit  would  be  preferable  as  well  as  feasible.  No  time  data  on  this 
method  of  unloading  chopped  hay  were  available.  The  horizontal-silo 
unloading  capacity  of  a  tractor-mounted  manure  bucket  was  chosen  as  a 
guideline  (discussed  in  section  6.1.7).  The  alfalfa  hay  was  loaded  at 
the  same  rate  in  tons  per  hour  as  the  alfalfa  silage,  times  the  volume 
ratio  (see  Appendix  G) .  Little  time  data  seemed  to  be  available  for 
any  method  of  unloading  and  transporting  chopped  forage. 

6.1.7  Pit  silos  —  Although  a  particular  farmer’s  choice  of  horizontal 
silo  depends  largely  on  the  terrain  next  to  the  feeding  site,  this  more 
general  analysis  considered  only  the  pit  silo,  cheaper  to  construct  than 
a  bunker  silo  if  a  sidehill  is  available. 

Design  capacity  was  based  on  a  constant  density  of  35  pounds  per 
cubic  foot  of  silage,  as  suggested  in  the  Materials  Handling  Manual 
(124)  .  Although  Richey  (104)  claimed  that  well-packed  silage  could 
have  a  40  pcf  density,  use  of  the  lower  figure  tended  to  ensure 
sufficient  capacity  for  the  crop  to  be  stored.  Because  of  the  limits 
of  this  study,  the  alternative  silo  sizes  were  not  programmed  to  make 
sure  that  a  minimum  of  four  inches  per  day  of  feeding  face  is  fed  to 
avoid  possible  spoilage  (124)  .  Physical  load-bearing  characteristics 
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of  the  soil  are  another  factor  that  alter  the  structural  requirements 
of  the  storage  facility.  For  this  particular  analysis,  a  sidewall 
slope  of  1  :  3  was  used,  as  suggested  by  Neubauer  and  Walker  (93) , 
excavation  extended  three  feet  beyond  the  inside  silo  width  at  ground 
level.  Excavation  was  custom  done  and  was  priced  on  a  loose-soil 
basis.  Floor  costs  were  based  on  a  six-inch  concrete  slab  one  foot 
wider  than  the  inside  base  width  plus  wire  mesh;  wall  costs  were 
based  on  a  four-inch  concrete  wall  reinforced  with  -j"  Re-bar  12"  on 
centre  in  both  directions.  Both  costs  and  capacities  were  calculated 
per  linear  foot,  the  required  length  of  silo  calculated  in  the  program 
from  the  tons  of  material  to  be  stored.  Figure  10  gives  the  inside 
dimensions  and  indicates  the  effective  volume  of  virgin  soil  to  be 
excavated.  Excavation  costs  exclude  any  trucking  costs  for  soil  that 
must  be  transported  away  from  the  excavation  site.  Given  costs  of 


excavation 

at 

40q/yd  for  loose  soil 

concrete 

at 

$18/yd3  delivered 

6"  x  6"  10/10  mesh 

at 

$45/1000  ft2 

6  mil  polythene 

at 

$17.50/1000  ft2  and 

-j"  Re-bar 

at 

$8.10/100  ft, 

the  following  cost  equations  were  used  as  part  of  a  small  computer 
program: 


Excavation  cost  =  (w  +  +  3  ft)  (h  ft)  (■-  ^d-  -r-)  (— -'-^)  (13  ^d) 

ft  3  27  ft3  yd3  10  yd3 

Floor  material  cost  ~  =  (W  +  1  ft)  ( — ^ in/f t)  ( 


r) 


1000  ft 


y v  y 

27  ft  yd 


GROUND 
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Figure  10.  Pit  silo  dimensions 
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Wall  material  cost  ^  =  2(^  £ t)  (33*^)  (^-3)  (^f> 

27  ft  yd 


+  (  2^2h+  !  It  18,10 
+  ^  3  ftM100  ft' 


9Vi 

Polythene  cost  —  =  (w  +  —  +  3  ft) ( 


$17.50 
1000  ft' 


Labour  costs  were  approximated  as  50%  of  material  costs.  The 
silo  was  depreciated  over  20  years  on  a  straight-line  basis.  A  1.2% 
per  annum  repair  charge  was  added,  the  figure  used  by  Alberta 
Department  of  Agriculture  extension  engineers.  The  polythene  cost  is 
a  yearly  one  since  it  must  be  replaced  every  year. 

Note:  Table  9  includes  the  input  data  listed  under  FUNCTION  28  through 
FUNCTION  31.  The  silo  chosen  during  any  particular  transaction  was 
selected  at  random  from  these  sizes  with  some  qualifications  as  to  which 
ones  could  be  chosen.  Silo  width,  for  example,  depended  on  whether  one 
or  two  tractors  were  to  be  used  for  packing.  The  method  of  silage 
removal  from  the  silo  also  had  something  to  do  with  permitted  silo 
depths.  If  a  self- feeding  method  was  to  be  used,  only  silos  with  a 
maximum  depth  of  six  feet  were  permitted.  If  a  tractor-mounted  unloader 
was  selected,  only  silos  with  a  depth  within  the  upper  reach  of  the 
unloader  were  considered. 

Packing  rates,  like  dehydration  rates,  had  a  potential  influence 
on  the  maximum  unloading  time  for  a  transport  unit,  and  consequently  on 
the  transport  cycle  itself.  Within  limits,  time  required  for  packing 
can  vary  depending  on  the  manager's  specifications  to  operators  and  on 
the  rapidity  of  unloading.  In  other  words,  if  loads  arriving  at  the 
silo  put  pressure  on  the  packing  units,  packing  time  per  load  may  be 


. 


TABLE  9.  INPUT  DATA  FOR  PIT  SILOS 
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dropped.  In  the  absence  of  more  accurate  information  the  figures 
used  by  Beauvois  et  al.  (10)  were  employed.  Tests  were  conducted  in  the 
program  to  ensure  constant  packing  time  even  at  the  expense  of  delaying 
the  transporting  cycle.  Use  of  a  toothed  implement  on  these  packing 
tractors  was  not  incorporated  as  an  alternative,  but  improved  packing 
would  likely  occur  with  little  if  any  change  in  packing  time  per  ton 
(39)  . 

Self-feeder  data  was  difficult  to  come  by,  probably  because  of 
the  great  diversity  in  methods,  design  and  management.  Cost  of  the 
self-feeder  and  time  for  moving  it  were  assumed  (see  Appendix  G) .  An 
exception  was  made  in  extending  the  analysis  somewhat  beyond  the  bounds 
of  the  study  specified  in  section  3.1.  Trampling  losses  in  self¬ 
feeding  high-moisture  silage  were  included  in  evaluating  alternative 
methods.  Richey  (104)  claimed  one  might  expect  up  to  a  50%  dry  matter 
loss.  With  good  management  practices,  this  figure  could  perhaps  be 
reduced  to  25%.  In  this  program,  a  range  of  25%  to  50%  was  used,  the 
actual  value  chosen  randomly. 

Unloading  capacities  for  the  tractor-mounted  manure  bucket  and 
the  horizontal-silo  unloader  were  given  ranges  of  seven  to  eight  tons 
and  12  to  15  tons  of  wet  material  per  hour  respectively.  The  only 
source  that  the  author  could  find,  other  than  specification  sheets,  that 
referred  to  such  unloading  rates  was  The  Grain  Grower  0-21  )  . 

6.2  Optimum  Systems 

Forage  systems  requiring  no  field  curing  were  simulated  at  both  the 
200-  and  the  300-acre  levels  with  a  computer  time  limit  of  30  minutes 
each.  For  each  pass  through  the  network,  one  system  and  one  year  of 
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weather  were  simulated.  These  simulated  systems  were  grouped  according 
to  the  field  machinery  used  and  then  ranked  within  each  group  in 
ascending  order  of  cost  per  ton  of  digestible  protein  fed.  This  cost 
figure  is  the  proportionate  amount  of  the  total  cost  that  can  be 
attributed  to  the  protein  in  the  forage,  given  the  content  of  protein 
and  energy  in  the  fed  material  and  the  cost  of  each  as  outlined  in 
section  5.2.  Subsequently,  the  groups  were  ranked  in  ascending  order  of 
their  least  cost  entry  in  $/T  DP  fed.  Note  that  not  all  systems  within 
each  group  were  necessarily  identical  because  of  probable  differences 
in  storage  methods  and  in  the  levels  of  certain  variables.  Although 
insufficient  passes  could  be  made  in  30  minutes  to  define  a  specific 
system  as  optimal,  the  number  of  years  of  weather  simulated  for  any  one 
field  harvesting  method  usually  permitted  a  rough  assessment  of 
alternative  systems,  if  not  a  statistically  reliable  one. 

At  the  200-acre  level,  857  passes  were  made  through  the  network; 
at  the  300-acre  level  792  passes  were  completed.  Using  the  equation 
in  section  4.2,  the  probabilities  of  selecting  the  least  likely  route 
(p  =  0.0052)  at  least  once  were  0.989  and  0.984  for  200  and  300  acres 
respectively.  The  probabilities  of  at  least  three  selections  of  this 
route  dropped  below  0.8.  In  other  words,  more  years  of  weather  would 
be  needed  to  be  reasonably  sure  of  pinpointing  the  optimum  system. 

Upon  grouping  systems  as  previously  described,  the  probabilities  of 
selecting  the  least  likely  group  (p  =  0.0156)  at  least  six  times  became 
0.992  and  0.985.  For  ranking,  the  array  size  was  limited  throughout  to 
the  first  800  entries.  Only  the  first  200  of  the  ranked  passes  were 
graphed  -  a  compromise  between  number  of  systems  and  plot  definition. 

Tables  10  and  11  indicate  the  field  machinery  used  in  each  of 
the  ranked  groups  of  passes  (essentially  different  systems),  the  system 


TABLE  10.  FORAGE  MACHINERY  SYSTEMS  GRAPHED  FOR  200  ACRES  -  DIRECT-CUT  HARVESTING 
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TABLE  11.  FORAGE  MACHINERY  SYSTEMS  GRAPHED  FOR  300  ACRES  -  DIRECT-CUT  HARVESTING 
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number  corresponding  to  its  position  in  the  ranked  groups.  These 
numbers  are  identical  to  those  used  on  the  X-axes  of  figures  11  to  20. 

As  expected,  the  least-cost  systems  utilized  high-moisture  silage.  The 
high  fixed  cost  of  dehydrators  priced  such  systems  out  of  the  silage 
class,  even  at  the  300-acre  level.  Self-propelled  forage  harvesters 
proved  sub-optimal  to  pull-type  harvesters,  again  likely  due  to  high 
annual  fixed  costs.  Hiring  appeared  preferable  to  owning  transport 
units,  the  type  of  unit  having  little  influence  on  the  optimality  of 
the  systems.  However,  the  likelihood  of  a  favorable  bias  towards  custom 
transporting  (provided  such  is  available  on  demand)  has  already  been 
mentioned  (see  section  5.3).  Where  transport  units  were  purchased, 
wagons  were  selected  first.  This  pattern  may  be  traced  to  the  charging 
of  all  transport  fixed  costs  to  the  forage  system,  whereas  farmers 
owning  such  units  generally  find  additional  uses  for  them,  thus  reducing 
the  yearly  charge  to  the  forage  operation.  For  200  acres,  the  type  of 
tractor-drawn  forage  harvester  did  not  have  much  influence  on  the  overall 
system  costs,  but  the  flail-type  unit  did  become  less  favorable  at 
300  acres. 

In  figure  11,  forage  system  costs  are  plotted  for  the  first  200 
of  the  ranked  direct-cut  systems  with  acreage  set  at  200  acres.  These 
yearly  costs  are  expressed  as  dollars  per  acre  of  land  in  forage.  Since 
the  entire  acreage  was  harvested  twice  for  each  year  of  weather  simulated, 
total  forage  costs  per  acre  harvested  would  be  approximately  half  of 
those  shown.  Note  that  the  total  cost  per  acre  includes  all  fixed, 
variable  and  penalty  costs  incurred  as  the  forage  moved  from  field  to  exit 
from  storage.  Penalty  costs  alone,  though  not  always  an  out-of-pocket 
expense  to  the  farmer,  accounted  for  20%  or  more  of  the  total. 
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Figure  11.  Forage  system  costs  for  200  acres  —  direct-cut  harvesting. 
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Figure  12  shows  that,  for  the  200  systems  graphed,  the  entire 
200  acres  were  harvested  within  the  44-day  period  for  each  cutting. 
Duration  of  the  harvest  did  not  seem  to  have  much  bearing  on  the 
optimality  of  a  system. 

A  comparison  of  the  top  lines  in  figures  11  and  13  shows  that 
the  cost  per  acre  of  forage  does  not  always  move  in  the  same  direction 
as  does  cost  per  ton  of  digestible  protein  fed  (note  the  group  of  systems 
numbered  1  to  14) ,  which  again  underlines  the  necessity  of  carefully 
specifying  the  criterion  for  determining  the  optimality  of  a  system. 

Apparently,  cost  per  ton  of  digestible  protein  fed  and  cost  per 
ton  of  dry  matter  fed  serve  almost  equally  well  in  ranking  systems. 
Figures  13  and  14  attest  to  this  possibility  (see  Appendix  K  for 
pertinent  tables).  The  variability  in  cost  per  ton  of  digestible  protein 
fed  ostensibly  arose  from  differences  in  storage  aspects  of  the  systems. 
The  peaks  in  the  curve  do  not  likely  relate  to  fixed  costs  (see  figure 
11)  because  only  one  type  of  storage  unit  was  used  for  high-moisture 
silage  -  the  pit-silo.  Thus,  the  unloading  method  had  critical  impact 
on  system  costs  -  self-feeding  fell  below  mechanical  unloading  in 
desirability  in  almost  every  group  of  systems  (check  table  K1  for  the 
list  of  nodes).  In  figure  13,  all  costs  were  charged  to  the  protein. 

If  soybean  meal  is  similarly  treated,  digestible  protein  can  be 
purchased  for  $260/T.  Since  the  graph  shows  optimal  systems  incurred 
even  higher  costs  by  the  time  the  forage  left  storage,  some  of  the  cost 
parameters  or  levels  used  are  suspect.  In  figure  14,  an  approximate 
mean  of  $20/T  DM  stored  (or  $6/T  WM  stored)  looks  reasonable,  but  the 
cost  in  $/T  DM  fed  is  again  inordinately  high.  Part  of  this  high  cost 
may  have  resulted  from  unrealistic  interest  and  depreciation  rates.  The 
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Figure  13.  Cost  per  ton  of  digestible  protein  from  200  acres  —  direct-cut  harvesting. 
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Figure  14.  Cost  per  ton  of  dry  matter  from  200  acres  —  direct-cut  harvesting. 
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bias  against  self-feeding  of  high-moisture  silage,  introduced  as  a 
reduction  in  dry  matter  fed  (see  section  6.1.7  and  Appendix  G) ,  caused 
some  additional  distortion  of  the  cost  curves. 

As  already  pointed  out,  penalty  costs  comprised  a  significant 
fraction  of  the  total  cost.  The  components  of  this  penalty  cost  are 
delineated  in  figure  15.  As  in  figure  11,  these  costs  are  shown  per 
acre  of  land  in  forage.  Storage  losses  accounted  for  about  half  of  the 
total.  Although  maturity  and  weathering  losses  varied  considerably,  the 
approximate  penalty  of  four  dollars  per  acre  in  forage,  or  two  dollars 
per  acre  harvested,  was  not  an  overwhelming  one.  Because  the  crop  never 
had  a  chance  of  being  weathered,  this  penalty  is  solely  due  to  maturity 
of  the  crop. 

At  the  300-acre  level,  little  change  in  per  acre  costs  occurred  for 
optimum  groups  of  systems,  other  than  a  narrowing  of  the  range  of  variation 
within  groups  (see  figure  16).  Harvesting  the  larger  acreage  obviously 
took  longer,  and  this  time  period  was  somewhat  more  variable  because  of 
the  increased  likelihood  of  weather  changes  (see  figure  17) .  Cost  per  ton 
of  digestible  protein  (figure  18)  and  cost  per  ton  of  dry  matter  (figure  19) 
did  not  change  appreciably  except  for  a  small  reduction  in  deviations. 

As  expected,  penalty  costs  per  acre  changed  only  in  the  cost  of  maturity 
and  weathering  losses  (see  figure  20) .  Due  to  the  direct-cut  nature  of 
harvesting,  field  losses  per  acre  remained  essentially  the  same.  Note  that 
on  a  few  occasions,  the  44-day  period  proved  insufficient  to  complete 
harvesting  operations  .  The  losses  due  to  unharvested  acres  appear  on  this 
graph,  but  did  not  appear  as  a  cost  in  the  ranking  of  alternative  systems. 
Generally,  the  penalty  costs  could  be  ranked  in  ascending  order  as  unharvested 
acreage  penalties,  field  loss  penalties,  maturity  and  weathering  loss  penalties, 
and  storage  loss  penalties. 


- 


67 


o 

o 

o 


Figure  15.  Penalty  costs  per  acre  for  200  acres  —  direct-cut  harvesting. 
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Figure  18.  Cost  per  ton  of  digestible  protein  from  300  acres  —  direct  cut  harvesting 
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7.  FORAGE  SYSTEMS  INCLUDING  FIELD  CURING 

7.1  Program  Inputs 

7.1.1  Initial  method  alternatives  —  In  terms  of  numbers  of 
alternatives,  forage  handling  methods  incorporating  some  field  curing  of 
the  forage  constitute  the  greater  proportion  of  all  forage  handling 
method  alternatives.  Either  equipment  or  the  end  product  could  be  used 
as  a  criterion  for  further  subdivisions  in  the  total  network.  Follow¬ 
ing  the  preliminary  section  of  the  network  are  sections  dealing  with 
wilted  alfalfa  silage  and  haylage  (see  figure  21) ,  bales  (see  figure  22) , 
bulk  hay  (see  figure  23)  ,  and  cubes  or  wafers  (see  figure  24)  . 

System  alternatives  having  wilted  alfalfa  silage  or  haylage  as 
their  end  product  are  listed  in  Appendix  H. 

Note:  A  test  was  made  at  node  100  ensuring  that  node  10 3  was  ehosen  if 
haylage  had  been  selected,  or  -presenting  three  alternatives  if  wilted 
alfalfa  silage  had  been  chosen.  In  the  same  vein,  where  dump  transports 
were  used  and  a  forage  blower  was  selected ,  a  long  conveyor-type  hopper 
was  required.  There  were  6730  possible  routes  with  the  least  likely 
having  a  probability  of  1/12,096  or  0.000083  of  being  chosen. 

Eliminating  nodes  91  through  99  would  reduce  the  possible  routes  to  1344 
alternatives  (see  section  4.2). 

In  the  Edmonton  area,  most  farmers  put  up  wilted  alfalfa  silage 
and  haylage  into  tower  silos,  to  be  mechanically  unloaded  at  a  later 
date.  In  order  to  prevent  knitting  of  forage  and  consequently  unloading 
difficulties,  the  forage  must  be  chopped  short  before  storage  (62). 

This  requirement  eliminates  flail-type  harvesters  from  the  list  of 
alternatives.  Therefore,  in  the  simulation  program,  the  crop  was 
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Figure  21.  Haylage  and  wilted-alfalfa  silage  network  section. 
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chopped  and  blown  into  transport  units  by  a  forage  harvester  equipped 
with  a  hay  pick-up  and  either  a  cylinder-  or  a  flywheel-type  cutterhead 
(more  on  this  later) . 

7.1.2  Some  functions  —  FUNCTIONS  1  through  5  are  identical  to  those 
used  in  the  first  GPSS  program,  and  are  described  in  section  6.1.2. 
FUNCTIONS  8  and  10  are  the  same  as  those  described  in  section  6.1.2  with 
the  exception  of  one  or  two  changed  values. 

Loss  functions  were  taken  from  Weller’s  (127)  tables.  FUNCTION  6 
gave  field  losses,  FUNCTION  9  gave  storage  losses  for  unsealed  tower 
silos  and  FUNCTION  7  gave  storage  losses  for  hermetically  sealed  tower 
silos.  The  seepage,  fermentation  and  surface  loss  figures  given  in 
table  10  and  table  11  were  lumped  together  to  give  the  storage  losses 
listed  in  FUNCTIONS  9  and  7,  respectively.  For  example,  the  Materials 
Handling  Manual  (124)  summarized  several  research  reports,  stating  that 
from  2%  to  4%  dry  matter  loss  can  be  expected  when  using  gas-tight  silos, 
and  an  average  of  10%  with  conventional  tower  silos. 

7.1.3  Forage  harvesters  —  Moisture  content  figures  used  for  wilted 
alfalfa  silage  and  haylage  ranged  from  55%  to  70%  and  40%  to  50%  (wet 
basis),  respectively.  The  power  requirements  were  set  at  2.5  and  3.0 
pto  hp-hr/ ton  DM,  respectively.  These  approximations,  taken  from  the 
graph  given  by  Bainer,  Kepner  and  Barger  (5) ,  corresponded  to  a  to 
t-inch  theoretical  length  of  cut.  Using  the  appropriate  power 
coefficient,  the  power-dependent  rate  of  harvesting  was  calculated  and 
then  compared  to  the  width-dependent  rate,  the  limiting  rate  to  be  used 
as  a  constant  for  the  remainder  of  the  year  being  simulated. 

Efficiencies  and  forward  speeds  used  in  the  above  calculations  were  the 


79 


TABLE  12.  DRY  MATTER  LOSSES  FOR  UNSEALED  TOWER  SILOS 


Moisture 

Field 

Seepage 

Fermentation 

Surface 

Total 

Content 

Losses 

Losses 

Losses 

Losses 

Losses 

(%  w.b .) 

(%  DM) 

(%  DM) 

(%  DM) 

(%  DM) 

(%  DM) 

85 

2 

10 

10 

3 

25 

80 

2 

7 

9 

3 

21 

75 

3 

3 

8 

4 

18 

70 

3 

1 

7 

4 

15 

65 

4 

0 

8 

5 

17 

60 

6 

0 

9 

5 

20 

TABLE  13. 

DRY  MATTER 

LOSSES  FOR 

HERMETICALLY 

SEALED  TOWER 

SILOS 

Moisture 

Field 

Seepage 

Fermentation 

Surface 

Total 

Content 

Losses 

Losses 

Losses 

Losses 

Losses 

(%  w.b .) 

(%  DM) 

(%  DM) 

(%  DM) 

(%  DM) 

(%  DM) 

85 

2 

10 

10 

0 

22 

80 

2 

7 

9 

0 

18 

75 

3 

3 

8 

0 

14 

70 

3 

1 

7 

0 

11 

65 

4 

0 

6 

0 

10 

60 

6 

0 

5 

1 

12 

50 

10 

0 

4 

2 

16 

40 

13 

0 

4 

3 

20 

same  as  those  used  in  section  6.1.3.  The  width  used  in  the  second 
calculation  was  the  maximum  width  of  cut  for  the  cutting  machine  used. 
The  shorter  length  of  chop  made  for  greater  storage  density  as  well  as 
easier  mechanical  handling.  As  with  direct-cut  forage  harvesters, 
forage  harvesters  equipped  with  hay  pick-ups  were  treated  as  having 
equal  capacity  but  were  differentiated  on  a  cost  basis. 


. 
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In  Western  Canada,  few  farmers  if  any  use  tedders,  and  few  flail- 
type  mowers  are  sold.  Both  of  these  types  of  machines  were  excluded 
from  the  network  of  alternatives  incorporated  into  the  second  GPSS 
program.  Flail  mowers  could  be  excluded  because  of  their  tendency  to 
leave  relatively  few  strands  of  grass  in  the  swath  lying  parallel  and  at 
right  angles  to  the  knives  (111) .  This  tendency  results  in  less 
regular  length  of  cut  and  gives  a  negative  bias  for  using  flail  mowers 
in  any  system  demanding  short  and  uniform  length  of  cut.  Tedders 
could  be  excluded  for  their  similar  tangling  effect  (111) .  According 
to  Hundtoft  (61),  the  optimal  moisture  content  for  tedding  is  about  the 
same  as  for  raking  —  another  argument  for  not  using  a  tedder. 

7.1.4  Weather  analysis  —  Any  forage  system  including  some  field  curing 
of  the  forage  is  liable  to  weather  penalties.  The  object  is  obviously 
to  maximize  the  drying  rate  by  using  the  optimal  mechanical  treatment  to 
minimize  the  time  of  exposure  to  the  elements.  Various  studies  have 
indicated  the  relative  merits  of  different  mechanical  treatments  for 
specific  regions  and  weather  conditions  but  have  not  related  drying  rates 
to  meteorological  data.  Goss,  Kepner  and  Jones  (53),  Hall  (57)  and 
Dudar  (44)  ranked  different  treatments  for  their  specific  areas. 

Dudar’s  (44)  conclusion  that  the  effect  of  conditioning  on  drying  rate  is 
not  very  pronounced  when  drying  conditions  are  poor,  only  emphasizes  the 
need  for  relating  drying  rates  to  weather  data.  In  addition,  the 
relationship  between  rains  and  leaching  losses  has  been  recognized  and 
the  effects  of  bleaching  and  fermentation  on  carotene  and  on  soluble 
carbohydrate  losses  have  been  appreciated  (12),  but  not  suitably 


quantified  for  simulation. 
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Work  by  Bruck  and  van  Elderen  (19)  and  preliminary  work  by  Kemp, 
Misener  and  Roach  (71)  indicated  that  latent  evaporation  may  be  used  as 
a  criterion  for  forage  drying  once  the  relationship  is  established. 

Several  studies  have  indicated  that  a  subjective  and  arbitrary  set 
of  weather  criteria  may  be  successfully  used  in  establishing  ’good'  and 
'bad'  days  for  forage  drying.  Graphs  given  by  Hall  (57)  and  by  Kurtz 
and  Bilanski  (75)  have  shown  the  rather  marked  effect  of  the  diurnal 
cycle  and  the  drying  advantages  one  might  expect  from  cutting  forage 
before  the  dew  has  disappeared.  Pedersen  and  Buchele  (98),  conducting 
laboratory  tests  on  alfalfa  drying  rates,  noted  that  nearly  all  the 
stomata  closed  after  3  hours  of  drying  at  which  time  the  evaporation 
rate  levelled  out.  Working  in  the  Fraser  Valley  of  British  Columbia, 
Jeffers  (67)  found  that  arbitrary  weather  criteria  proved  satisfactory 
for  selection  of  optimal  haying  machinery. 

For  this  cost-benefit  simulation,  cumulative  probability  curves 
for  'good1  and  'bad'  drying  days  were  used,  these  curves  arrived  at  by 
analyzing  historical  weather  data  for  the  calendar  periods  of  the  first 
and  second  cuttings.  A  particular  day  was  classified  as  a  'good'  or  a 
work  day  provided  it  passed  one  of  the  following  sets  of  criteria. 

Set  A:  (1)  at  least  75%  of  the  total  daylight 
hours  are  bright  sunshine. 

(2)  precipitation  is  less  than  0.05  inch 
for  the  day. 

(3)  precipitation  is  less  than  0.50  inch 


for  the  previous  day. 
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Set  B:  (1)  precipitation  is  less  than  or  equal 
to  0.01  inch  for  the  day. 

(2)  precipitation  is  less  than  0.1  inch 
for  the  previous  day. 

(3)  average  windspeed  at  six  feet  is 
greater  than  10  mph. 

(4)  daily  mean  dew-point  temperature  is 
in  excess  of  10°F.  below  the  daily 
mean  temperature. 

The  results  are  graphed  in  figures  25  and  26.  A  comparison  with 
figures  27  and  28»  where  rainfall  was  the  only  criterion,  points  out  the 
fact  that  a  measure  of  evaporation  might  be  more  indicative  of  a 
particular  day’s  hay-drying  potential.  Cumulative  rainfall 
probabilities  (see  figure  29)  would  be  of  little  use  unless  some 
indication  of  rainfall  intensity  (126)  as  well  as  some  rewetting  function 
for  the  forage  were  available.  One  of  the  goals  of  this  study  was  to 
pinpoint,  if  possible,  such  ’hazy’  areas  as  being  critical  or  non- 
critical  in  determining  optimum  systems. 

Once  a  sequence  of  work  days  had  been  generated,  a  set  pattern  of 
events  was  assumed  on  a  daily  basis:  cut,  wilt  and  harvest.  The 
cutting  would  be  done  in  the  early  to  mid  morning  hours  so  as  to  make 
best  use  of  the  drying  day.  The  assumption  made  was  that  the  cutting 
unit  or  cutting  and  raking  units  could  windrow  one  day's  supply  in  the 
morning  or  could  at  least  maintain  a  lead  on  the  harvester  unit.  (An 
examination  of  Appendix  C  supports  this  assumption.)  Note  that  several 
deviations  from  reality  have  occurred  in  this  section  of  the  simulation. 
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Figure  23.  Weather-dependent  cumulative  probabilities  -  first  cut  (arbitrary  drying  criteria) . 
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Figure  26.  Weather-dependent  cumulative  probabilities  -  second  cut  (arbitrary  drying  criteria). 
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Figure  27.  Weather-dependent  cumulative  probabilities  -  first  cut  (rainfall  criterion). 
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Figure  28  .  Weather-dependent  cumulative  probabilities  -  second  cut  (rainfall  criterion). 
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Figure  -9.  Cumulative  rainfall  probabilities  during  the  two  haying  periods. 
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The  possibility  of  scheduling  difficulties  has  been  set  aside.  Labour 
costs  for  cutting/windrowing  operations  have  been  calculated  on  a  total- 
hours  basis  rather  than  a  man-days  basis.  No  allowance  has  been  made 
for  a  different  drying  rate  for  each  cutting-windrowing  technique,  nor 
for  a  different  number  of  working  hours  per  day  from  one  day  to  the 
next.  However,  all  of  these  issues  would  only  lead  to  a  decrease  in 
the  daily  capacity  or  a  rise  in  variable  costs  and  a  subsequent  bias 
against  the  pre-cut  methods  —  a  mandatory  consideration  in  the  analysis 
to  follow. 

7.1.5  Blowers  and  conveyors  —  Two  alternative  ways  of  putting  the 
chopped  forage  into  the  silos  are:  (1)  by  forage  blower,  and  (2)  by 
chain-and-f light  conveyor.  Bainer,  Kepner  and  Barger  (5)  noted  that 

length  of  cut,  forage  moisture  content,  peripheral  speed  of  the  fan,  and 
height  of  silo  all  have  some  bearing  on  the  elevating  efficiency  of  the 
blower.  Complex  and  largely  unknown  relationships  make  a  single  figure, 
such  as  used  in  forage  harvesting,  more  desirable  for  simulation 
purposes.  The  ASAE  Yearbook  (48)  gives  the  power  requirements  of  the 
forage  blower  as  1  -  1§  hp-hr/ ton  of  wet  material.  In  view  of  the  fact 
that  some  manufacturers  claim  a  maximum  capacity  of  1  T./min.,  a  range  of 
60  to  100  pto  hp  was  used  in  this  simulation,  the  actual  point  chosen 
randomly  for  any  specific  transaction. 

Blower  pipe  requirements  would  normally  be  five  feet  less  than  the 
height  of  the  silo,  plus  necessary  elbows  and  a  spout.  For  this  study, 
the  cost  was  calculated  on  a  flat  linear  rate  and  the  height  of  the  silo 
plus  one  foot  used  as  a  length  approximation.  Silo  height  was  taken  as 
being  equal  to  the  nominal  height  of  the  silo  plus  any  above-ground  base 
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or  foundation  that  was  specified.  For  the  particular  case  of  the 
horizontal  sealed  silo,  a  piping  requirement  of  height  plus  radius  plus 
two  feet  was  specified  in  the  simulation  program. 

The  chain-and-f light  conveyor  elevator  presents  a  valid 
alternative  to  the  forage  blower.  Richey  (104)  stated  that  "Elevators 
up  to  65  feet  in  length  may  be  used  to  elevate  silage  into  vertical 
silos.  They  are  operated  at  angles  up  to  70°  ...»  handling  silage  at 
20  tons  per  hour  with  a  3-hp  electric  motor  in  many  cases."  Dobie  (40) 
gave  an  example  of  a  42-foot  elevator  filling  a  35-foot  silo. 

Utilizing  a  5-hp  motor  with  the  2"  x  4"  cross  flights  moving  at  260  fpm, 
the  conveyor  could  handle  the  output  of  a  forage  chopper  working 
steadily . 

Only  one  particular  size  and  make  was  used  in  this  program.  A 
62-foot  model  (largest  of  the  line)  with  3"  x  21"  flights  spaced  14 
inches  apart  was  used.  Given  a  maximum  angle  of  elevation  of  70  with 
one  foot  of  conveyor  allowed  for  clearance,  a  57-foot  silo  could  be  filled 
providing  an  auxiliary  cross-conveyor  was  used.  The  range  of  speeds 
used  was  the  one  indicated  by  the  Materials  Handling  Manual  (24)  as  the 
normal  range,  75  to  125  fpm.  Cubic  capacities  depend  on  the  angle  of 
elevation  and  the  angle  of  repose.  The  author  could  not  find  any 
reference  to  studies  conducted  in  the  area  of  angle  of  repose  for 
silages.  If  one  could  use  the  estimations  given  by  Neubauer  and 
Walker  (93)  of  60°  for  chopped  hay  at  six  to  ten  pcf  and  of  80°  for  long 
hay  at  four  pcf  as  guidelines,  then  the  angle  of  repose  would  vary  with 
length  of  cut  and  moisture  content.  The  angle  of  repose  for  chopped 
forage  would  likely  exceed  that  of  chopped  hay  because  of  the  added 
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cohesion  contributed  by  the  moisture.  But  another  consideration  is  the 
vibration  of  the  conveyor  unit  which  may  shake  the  material  down  to  a 
lower  effective  angle  of  repose.  In  accord  with  the  20  T./hr  figure 
given  by  Richey  (104)  and  with  a  view  to  minimizing  the  favourable  bias 
for  such  a  low-power  system,  the  function  giving  the  lowest  capacity  of 
the  six  listed  in  Appendix  H  was  used.  Even  with  these  estimates  of 
40°  for  the  angle  of  repose,  a  maximum  flight  volume  of  level  full,  and 
four  pcf  dry-matter  density,  the  capacity  figures  ranged  from  1.0  to 

7.6  T.  DM/hr,  depending  on  the  speed  and  angle  of  elevation.  If  wilted 
alfalfa  silage  was  stored  at  65%  moisture  content,  7.6  T.  DM/hr  would  be 
equivalent  to  about  21.7  T.  WM/hr.  FUNCTION  21  was  used  for  both 
wilted  alfalfa  silage  and  haylage  (see  Appendix  C  for  a  more  detailed 
description  of  volumetric  calculations) . 

In  the  particular  case  of  the  curvet  silo,  the  same  62-foot 
conveyor  was  used  but  care  was  taken  in  calculating  angle  of  elevation  to 
ensure  a  minimum  separation  from  the  structure  of  1  foot  (more  on  this  in 
section  7.1.7).  FUNCTION  21  was  applied  as  previously  described. 

7.1.6  Tower  silos  and  unloaders  —  FUNCTIONS  13  through  19,  listed  in 
Appendix  H,  relate  to  tower  silos  and  horizontal  sealed  silos.  These 
types  of  silos  were  the  only  ones  considered  for  wilted  alfalfa  silage 
and  haylage  in  accord  with  general  practice  and  with  limitations  of  the 
loss  functions  described  in  section  7.1.2.  As  indicated  in  figure  11, 
three  types  of  construction  were  considered:  wood  stave,  concrete  stave 
and  steel  or  glass-lined  steel  silos.  Because  haylage  is  so  dependent 
on  good  managerial  practice,  the  program  made  sure  that  haylage  would  be 
stored  only  in  a  sealed  silo.  After  the  type  of  silo  had  been  decided 


91 


upon,  the  alternative  sizes  were  presented  for  random  selection. 

Although  these  sizes  did  not  include  every  possibility  available  in  the 
Edmonton  area,  they  did  span  the  range  of  possibilities.  The  required 
storage  space  was  determined  on  the  basis  of  1  1/3  fillings  per  year  for 
each  silo  —  a  calculation  procedure  used  by  silo  company  representatives 
in  the  area.  A  farmer  contemplating  purchase  of  one  or  more  tower  silos 
would  likely  take  into  account  the  head  of  livestock  to  be  fed,  their 
ration,  the  number  of  acres  of  forage,  expected  yields,  and  future 
expansion.  In  all  likelihood,  he  would  buy  the  largest  silo  size 
meeting  his  requirements  so  as  to  minimize  investment  per  ton  of 
capacity.  Obviously,  for  the  general  situation  portrayed  in  this 
simulation,  a  different  approach  was  required.  Once  the  particular  size 
had  been  chosen,  the  number  of  such  silos  required  to  provide  sufficient 
storage  capacity  was  calculated.  For  records  of  total  outlay  for 
storage  facilities,  initial  constructed  costs  were  used.  However, 
annual  costs  were  calculated  per  ton  of  dry  matter  capacity  rather  than 
per  ton  of  dry  matter  stored.  In  other  words,  unused  storage  space  was 
not  penalized. 

Intuitively,  a  drop  in  silage  density  with  a  decrease  in  moisture 
content  would  be  expected  on  a  dry  matter  as  well  as  a  wet  matter  basis. 
Shepperson  and  Corrie  (111)  approximated  tower  silage  densities  as  15  to 
20  lb  DM/ft3.  Hundoft  and  Guest  (62)  indicated  that  a  switch  from 
wilted  silage  at  65%  moisture  content  to  haylage  at  50%  moisture  content 
may  reduce  the  dry-matter  capacity  of  a  tower  silo  by  as  much  as  13%. 
Generally,  however,  there  is  little  agreement  on  silo  height  and 
corresponding  silage  density  (111). 
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For  the  GPSS  program  listed  in  Appendix  H,  dry  matter  densities 
and  silo  capacities  were  calculated  using  available  references  to  high- 
moisture  alfalfa  silage  at  various  settled  depths.  For  shallower 
depths,  figures  given  by  Otis  and  Pomroy  (96)  were  used;  for  taller 
silos,  figures  given  in  the  Materials  Handling  Manual  (124)  were  used. 
Table  12  indicates  the  similarity  of  the  two  sets  of  data  at  common 
depths  of  silage.  Compaction  of  10%  was  assumed,  and  5  feet  of  side- 
wall  were  allowed  for  suspending  a  top  unloader  where  such  was  required 
(123). 

If  manufacturers'  estimated  capacity  figures  in  cubic  feet  were 
not  available,  nominal  dimensions  were  used  to  estimate  volumetric 
capacities.  Full  account  was  taken  of  height  and  space  allowance  for 
unloaders,  either  top  or  bottom,  and  central  flues  where  required. 

Where  necessary,  the  larger  silo  capacities  in  cubic  feet  were  extra¬ 
polated  from  available  data  for  shorter  silos  of  the  same  diameter  and 
manufacture. 

The  initial  costs  given  in  FUNCTION  14  are  1969  quotations  for  on¬ 
site  erection  in  the  Edmonton  vicinity.  These  prices,  given  by  local 
suppliers,  include  all  costs  except  for  silo  unloaders  in  the  case  of 
wood  or  concrete  silos.  An  interest  rate  (8%)  and  insurance  rate  (1%) 
were  used  in  calculating  per  annum  fixed  costs.  Repair  costs  were 
charged  at  1.2%  for  wood  and  concrete  silos  and  at  0.6%  for  steel  silos. 
Straight-line  depreciation  rates  of  5%  and  2.5%  were  used  for  wood  or 
concrete  and  for  steel  silos,  respectively.  These  rates  are  maxima 
permitted  for  taxation  purposes  (21)  but  do  not  incorporate  any 
obsolescence  factor.  Because  initial  costs  of  some  silo  unloaders  were 
included  in  the  total  erected  cost  of  the  silo,  per  annum  fixed  costs  of 


4 
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TABLE  1.4.  SILAGE  DENSITIES  IN  TOWER  SILOS 


Depth  of  Settled  Average  Wet  Matter  Density  Average  Dry  Matter  Density 

Silage  For  All  Silage  Below  Depth  For  All  Silage  Below  Depth 

(ft)  Indicated  (pcf)  Indicated  (pcf) 


2a 

16.9 

4.2 

4 

22.7 

5.7 

6 

27.3 

6.8 

8 

31.1 

7.8 

10 

34.1 

8.5 

12 

36.7 

9.2 

14 

38.8 

9.7 

16 

40.5 

10.1 

18 

42.1 

10.5 

20 

43.5 

10.9 

22 

44.8 

11.2 

24 

45.9 

11.5 

26 

47.0 

11.8 

28 

48.0 

12.0 

30 

48.8 

12.2 

32 

49.6 

12.4 

34 

50.7 

12.7 

36b 

51.5 

12.9 

20 

35.0 

10.5 

25 

38.2 

11.5 

30 

41.4 

12.4 

35 

44.2 

13.3 

40 

46.9 

14.1 

45 

49.5 

14.8 

50 

51.8 

15.5 

55 

54.0 

16.2 

60 

56.1 

16.8 

65 

58.0 

17.4 

70 

59.8 

17.9 

The  first  18  lines  were  taken  from  Otis  and  Pomroy  (96) .  The  first  cut 
alfalfa  entered  the  silo  at  72%  to  78%  average  moisture  content,  and 
proved  to  have  an  uneven  distribution  in  the  silo.  Conversions  were 
based  on  a  75%  me  (wet  basis)  figure. 


The  latter  11  lines  were  taken  from  the  Materials  Handling  Manual  (124). 
Conversions  were  based  on  70%  me  (wet  basis)  grass  silage. 


• 
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all  tower  silo  unloaders  were  calculated  on  the  same  basis  as  the  silos 
they  were  to  be  used  in.  Where  specific  single-phase  horsepower 
requirements  were  not  given  for  a  silo  unloader,  5  hp  was  used  if  the 
diameter  of  the  silo  was  less  than  20  feet  or  7§  hp  was  used  if  greater 
than  or  equal  to  24  feet.  This  demarcation  closely  approximates  most 
unloader  specifications. 

Unloading  rates  were  difficult  to  establish.  Decker  (36) 
observed  3.8  to  4.0  T./hr  for  3  to  l\  hp  motor  driven  units  unloading 
grass  silage.  Richey  (104)  gave  the  figures  60  to  100  lb/min  for 
2  to  5  hp  units  unloading  grass  silage.  Freezing  of  the  silage  might 
well  reduce  the  maximum  unloader  capacity.  The  range  of  1.8  to  2.2 
T./hr  used  in  this  analysis  represents  such  a  reduced  rate.  The 
blanket  application  of  this  rate  to  both  wilted  alfalfa  silage  and 
haylage  introduced  a  small  error  but  simplified  this  section  of  the 
program.  Because  availability  of  time  and  labour  for  unloading 
procedures  was  not  specified  (limitation  due  to  boundaries  of  the 
analysis) ,  unloading  rates  would  not  significantly  influence  the  choice 
of  components  for  the  optimal  system. 

7.1.7  Horizontal  sealed  silos  and  unloaders  —  FUNCTIONS  13  through  19, 
listed  in  Appendix  H,  include  three  different  lengths  of  a  steel, 
horizontal,  curvet  silo  manufactured  by  one  company.  Storage  require¬ 
ments  for  haylage  were  determined  as  outlined  in  section  7.1.6.  Figure 
30  indicates  the  approximation  for  settled  depth  of  silage  the 
procedure  used  being  the  same  as  that  for  tower  silos.  The  endwall  area 
of  the  settled  silage  was  approximated  by 


. 

•  '  - : 


10%  allowed  for  compaction 
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fi§ure  30  •  Effective  endwall  of  curvet  horizontal  silo. 
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E  =  (3  ft) (40  ft)  +  |(20  ft)2  -  |(20  ft)2(0  -  sin  0) 

2  2 
=  725  ft  (to  the  nearest  ft  ) 

This  area  was  multiplied  by  the  lengths  of  the  storage  units  (the  lengths 
of  panel  sections  were  61.5  feet,  82.0  feet  and  105.9  feet)  to  give  the 
effective  capacities  in  cubic  feet. 

The  costs  quoted  by  the  supplier  included  only  the  material  costs 
of  the  silo  and  the  cost  of  the  unloader  unit.  Total  erected  costs  were 
arrived  at  as  shown  in  table  13.  If  the  farmer  could  provide  labour 
and  supervision  without  contracting  the  erection,  total  costs  would  be 
reduced  accordingly.  Beginning  with  the  shipping  weights  and  the 
required  materials  indicated  on  the  specification  sheets,  cost  of 
construction  materials  were  determined,  based  on  contractor  prices. 

The  maximum  hours  listed  on  these  sheets  were  used  in  estimating  labour 
costs.  Labour  rates  were  Northern  Alberta  union  rates  as  of  October  1, 
1969  for  IBEW  (International  Brotherhood  of  Electrical  Workers)  and  for 
unskilled  construction  workers.  The  5%  increment  in  price  from  1968  to 
1969  was  a  rough  approximation  of  the  rise  in  price  due  to  increasing 
steel  costs.  Per  annum  fixed  costs  were  charged  on  the  same  basis  as 
for  steel  tower  silos. 

Because  no  research  data  were  available  on  the  type  of  unloader 
used  in  these  silos,  the  range  of  12  to  20  T./hr  suggested  by  the 
manufacturer  was  used.  The  capacity  of  the  18-foot  chain-and-f light 
conveyor  used  to  elevate  the  forage  into  a  transport  unit  was  calculated 
(see  section  7.1.5)  and  compared  to  the  output  capacity  of  the  silo 
unloader.  The  limiting  capacity  set  the  pace. 
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7.2  Optimum  Systems 

Forage  systems  incorporating  some  field  curing  were  simulated  at 
both  the  200-  and  the  300-acre  levels  with  a  computer  time  limit  of  30 
minutes  each,  then  grouped  and  ranked  as  described  in  section  6.2. 

There  were  841  and  776  passes  made  through  the  network  at  the  200-  and 
300-acre  levels  respectively.  The  probabilities  of  selecting  the  least 
likely  route  (p  =  0.00013)  at  least  once  were  0.108  and  0.096  for  200 
and  300  acres  respectively.  The  probabilities  of  selecting  the  least 
likely  group  of  systems  (p  =  0.002)  at  least  once  were  0.827  and  0.802. 
The  probabilities  of  at  least  two  selections  of  this  group  dropped  to 
about  0.5.  Array  sizes  for  ranking  plotting  were  the  same  as  those  used 
for  direct-cut  harvesting  systems. 

Tables  16  and  17  indicate  the  field  machinery  used  in  each  of  the 
ranked  groups  of  passes  (essentially  different  systems),  the  system 
number  corresponding  to  its  position  in  the  ranked  groups.  These  numbers 
are  identical  to  those  used  on  the  X-axes  of  figures  31  to  40. 

The  slight  cost  advantage  of  wilted-grass  silage  systems  over 
haylage  systems  disappeared  as  the  acreage  changed  from  200  to  300  acres. 
There  was  a  marked  preference  for  a  once-over  method  of  cutting  and 
collecting  forage  at  both  acreage  levels  with  the  SP  windrowers  higher 
on  the  list  at  300  than  at  200  acres.  In  view  of  the  assumptions  made 
in  section  7.1.4,  the  savings  in  labor  and  operating  costs  more  than 
compensated  for  the  increased  depreciation  and  repair  costs.  Should  the 
same  windrower  be  used  in  the  grain  harvest,  some  of  the  depreciation 
and  repair  costs  could  be  attributed  to  the  grain  enterprise,  thus  making 
the  windrower  an  even  more  advisable  choice  from  a  cost,  if  not  a 
field  losses,  aspect.  Extended  drying  rates  and  consequent  increased 


TABLE  16.  FORAGE  MACHINERY  SYSTEMS  GRAPHED  FOR  200  ACRES  -  PRE-CUT  HARVESTING 
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SPW  -  self-propelled  with  pickup 

SUW  -  self-unloading  wagon 

DPW  -  dump  wagon 

PBT  -  power-box  truck 

DPT  -  dump  truck 
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weathering  of  forage,  might  well  negate  this  cost  benefit  of  using  a 
windrower  when  penalty  costs  comprise  a  significant  portion  of  the 
total  cost  (more  on  this  later).  As  with  direct-cut  harvesting  systems, 
pull-type  forage  harvesters  preceded  self-propelled  units.  The 
difference  in  cost  between  cutterhead  types  did  not  evidence  itself  in 
terms  of  the  entire  system.  Hiring  again  appeared  preferable  to  owning 
transport  units  provided  they  were  available  when  required.  Note  that 
the  optimal  pre-cut  systems  selected  wagons  as  opposed  to  trucks,  whereas 
the  optimal  direct-cut  systems  made  no  such  distinction  (see  tables  10 
and  11) .  Since  fewer  years  of  weather  were  simulated  for  each  pre-cut 
harvesting  method  than  for  each  direct-cut  harvesting  method,  the 
probability  of  inaccuracy  in  the  ranking  of  system  groups  is  greater  for 
the  former. 

In  figure  31,  forage  system  costs  are  plotted  for  the  first  200 
of  the  ranked  pre-cut  systems  with  acreage  set  at  200  acres.  These 
yearly  costs  are  expressed  in  dollars  per  acre  of  land  in  forage.  The 
high  fixed  to  variable  cost  ratio  accounted  for  the  somewhat  unrealistic 
total  cost  curve.  As  mentioned  in  section  6.2,  high  interest  and 
depreciation  rates  could  account  for  the  excessively  large  fixed  costs. 
Depreciation  rates  used  were  those  permitted  for  income  tax  purposes  and 
did  not  necessarily  relate  to  the  useful  life  of  machines  or  structures 
that  farm  managers  expect.  In  addition,  some  components  of  the  system 
could  serve  as  multi-purpose  units  in  a  real  farming  situation,  thus 
relieving  the  forage  program  of  some  of  these  fixed  costs.  The  inclusion 
of  penalty  costs  in  the  total  must  not  be  forgotten  either. 

Figure  32  points  out  the  extreme  variations  in  harvest  duration 
that  can  occur  from  one  year  to  the  next  when  the  harvesting  procedure 
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includes  some  field  curing  of  the  forage.  Only  in  a  very  few  of  the 
simulated  harvest  seasons  was  the  44-day  period  inadequate  to  completely 
harvest  the  200  acres. 

As  with  direct-cut  systems,  cost  per  ton  of  digestible  protein  fed 
and  cost  per  ton  of  dry  matter  fed  serve  almost  equally  well  in  ranking 
pre-cut  systems  (see  figures  33  and  34) .  The  variability  in  cost  per  ton 
of  digestible  protein  fed  was  due  primarily  to  the  storage  aspects  of  the 
system.  A  closer  examination  of  the  systems  shows  (see  table  K3  for  the 
list  of  nodes)  that  the  lower  cost  systems  within  a  group  utilized  forage 
blowers  as  opposed  to  chain-&-f light  conveyors,  in  spite  of  the  favorable 
bias  given  to  conveyor  capacities  (see  section  7.1.5).  The  length  and 
maximum  inclination  of  the  one  conveyor  used  in  the  simulation  precluded 
silos  above  a  given  height.  The  matching  tower  silos  therefore  tended  to 
be  shorter  and  less  capacious,  and  consequently  the  cost  per  ton  of  dry 
matter  fed  rose.  Cost  per  ton  of  digestible  protein  stored  is  both 
greater  and  more  variable  for  pre-cut  than  for  direct-cut  systems 
(compare  figures  13  and  33).  However,  the  difference  between  cost  per 
ton  of  dry  matter  stored  and  fed  is  greater  for  direct-cut  than  for 
pre-cut  systems.  Some  of  this  greater  difference  is  due  to  the 
additional  storage  losses. 

Although  total  penalty  costs  for  pre-cut  systems  (figure  31)  do 
not  seem  to  be  much  larger  than  those  for  direct-cut  systems  (figure  11) 
at  the  200-acre  level,  the  breakdowns  do  differ.  In  figure  35,  the 
proper  ranking  of  the  different  kinds  of  losses  is  not  readily  apparent. 
Pre— cut  system  field  losses  account  for  from  one  to  three  dollars  per 
harvested  acre;  storage  losses  seem  to  cost  roughly  one  half  of  those 
accruing  to  direct-cut  systems  (see  figure  15) .  Maturity  and  weathering 
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Figure  35.  Penalty  costs  per  acre  for  200  acres 
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losses  have  increased  over  those  of  direct-cut  systems.  If  an  accurate 
means  of  predicting  drying  rates  and  dry  matter  losses  from 
meteorological  records  were  available  for  different  types  of  harvesting 
systems,  this  loss  figure  would  probably  climb  even  higher  for  some 
systems.  Even  with  the  simplified  and  unsophisticated  approach  used  in 
this  simulation  (see  section  7.1.4  and  Appendix  H) ,  maturity,  weathering 
and  field  losses  accounted  for  well  over  half  of  the  total  penalty  cost 
in  most  years,  or  from  five  to  eight  dollars  per  harvested  acre. 

At  the  300-acre  level,  little  change  in  per  acre  costs  could  be 
observed  other  than  a  narrowing  of  cost  variations  within  groups  (see 
figure  36) .  Fixed  costs  still  dominated  the  picture.  The  harvesting 
extended  over  a  longer  time  period  with  more  frequent  occurrences  of 
unfinished  harvesting  at  the  end  of  the  44-day  period  (see  figure  27) . 
Cost  per  ton  of  digestible  protein  (figure  38)  and  cost  per  ton  of  dry 
matter  (figure  39)  did  not  change  appreciably  except  for  a  small 
reduction  in  standard  deviation.  As  expected,  penalty  costs  per  acre 
(figure  40)  increased  only  in  the  cases  of  unharvested  acreage  losses  and 
of  maturity  and  weathering  losses.  The  latter  tended  to  fluctuate  even 
further  up  the  scale  than  it  had  at  the  200-acre  level.  The  former  did 
not  appear  as  a  cost  in  the  ranking  of  alternative  systems. 
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8.  COMPARABLE  MATHEMATICAL  METHODS 

8.1  Simulated  Sampling  and  Separable  Programming 

Alternative  approaches  to  the  problem  of  determining  an  optimum 
forage  system  could  be  suggested.  One  involves  a  use  of  both  Monte 
Carlo  techniques  and  some  extensions  of  LP  -  in  that  order.  If  adequate 
historical  weather  data  are  available,  and  if  the  effect  of  weather  on 
forage  cut  and  collected  in  a  given  manner  is  known,  a  simulation  program 
might  be  developed  to  generate  penalty  vs  capacity  curves  for  each 
harvest  period  and  at  several  probability  levels.  MacHardy  (84)  pointed 
out  that  machine  fixed  costs  tend  to  be  linear  functions  of  machine  size 
or  capacity.  However,  by  introducing  special  variables  using  piece-wise 
linear  approximations,  non-linear  cost  vs  capacity  curves  can  be  utilized 
to  gain  increased  accuracy  and  to  approximate  step  functions  that  often 
exist.  Conceivably,  the  above  sets  of  curves  could  be  introduced  to  the 
same  LP  matrix.  Then  product  terms,  as  outlined  by  MacHardy  (83),  could 
be  added  to  allow  for  cost-time  interactions.  Other  equations  could  link 
the  above  relationships  to  time,  acreage  and  capital  restrictions. 
Separable  programming  algorithms  would  solve  for  the  optimum  system. 

One  advantage  of  such  an  approach  lies  in  the  shorter  computation 
time.  Because  the  matrix  is  manipulated  in  an  iterative  way  that 
successively  improves  the  basic  feasible  solution,  an  optimal  solution 
is  found  in  a  finite  number  of  steps.  However,  one  disadvantage  is  the 
preliminary  calculation  required  to  generate  the  cost  vs  capacity  curves. 
Another  is  the  amount  of  computer  storage  needed  to  store  the  mammoth 
matrix.  One  way  of  circumventing  this  problem  is  to  analyze  the  matrix 
in  successive  steps,  i.e.  a  few  types  of  systems  at  a  time.  Where 
alternative  enterprises  compete  for  available  resources,  the 
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decomposition  principle  as  described  by  Dantzig  (34)  may  have  to  be 
applied.  A  third  disadvantage  is  the  possibility  that  the  separable 
program  may  select  a  local  optimum  as  the  global  optimum.  Convexities 
in  concave  functions  may  have  to  be  bypassed  by  re-running  the  program 
with  different  initial  conditions. 

Sensitivity  analyses  are  often  of  more  importance  than  the  optimal 
solution  itself,  since  much  of  the  information  going  into  the  program 
may  contain  error  or  uncertainty.  New  penalty  vs  capacity  data  could 
give  the  new  probability  and  cost  of  completing  harvest.  If  the 
computer  package  provides  a  possible  post-optimal  analysis,  the  effect 
of  changing  limits  or  the  effect  of  trade-offs  can  be  ascertained  for 
resource  variables. 

8.2  SPNA  and  Monte  Carlo  Techniques 

A  second  possibility  is  a  Monte  Carlo  simulation  of  a  SPNA  network. 
The  first  stage  would  be  to  redesign  the  network  of  forage  handling 
alternatives  to  fit  Preston’s  (99)  SPNA  routine.  Since  some  arc  costs 
tend  to  follow  a  random  distribution,  instead  of  an  arc  being  on  or  off 
the  critical  (shortest)  path,  it  has  a  probability  of  being  on  the 
critical  path. 

According  to  Hillier  and  Lieberman  (60) ,  PERT— type  solution  methods 
incorporate  distributions,  but  rely  more  on  means  and  estimated  variances 
of  arc  values  than  on  distribution  structures.  The  Monte  Carlo  approach 
does  depend  on  distribution  shapes  but  adds  flexibility  in  that  any 
distribution  or  mix  of  distributions  can  be  used  for  arc  variables.  Van 
Slyke  (113)  applied  Monte  Carlo  simulation  to  PERT  networks,  and  only  a 
slight  modification  of  his  approach  led  to  the  series  of  steps  proposed 
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(1)  Establish  the  objective  function  of  the  SPNA  network. 

(2)  Decide  on  the  number  of  trials,  N  ,  for  sampling  (intuition 

X 

and  experience  influencing  this  subjective  decision) . 

(3)  For  each  of  the  trials,  set  the  levels  of  any  stochastic 
variables  via  random  number  generators  before  solving  for 
the  shortest  path. 

2 

(4)  Determine  sample  mean,  y  »  and  variance  a  ,  of  the 

X  X 

random  variable  ,X,  corresponding  to  minimum  cost. 

(5)  Calculate,  for  each  arc,  the  per  cent  of  the  time  it  was 

critical,  P  . 

x 

(6)  Indicate  the  desired  probability  that  the  estimate  of  the 
true  variance  is  within  a  specified  percentage  of  the 
correct  variance.  Using  established  statistical  techniques 
(118) ,  determine  the  number  of  trials  required,  N  . 

(7)  Given  P  ,  the  observed  probability  that  a  given  arc  is  on 

X 

the  critical  path,  indicate  the  desired  probability  that 
P  is  within  a  specified  percentage  of  P.  Using 

X 

established  statistical  techniques  (118) , find  the  number  of 
trials  required,  . 

(8)  If  Nq  ar  Np  is  greater  than  Nx,  rerun  the  program. 

The  output  of  such  a  program  should  give  the  system-cost  density 
function,  mean  value  and  variance,  and  the  'criticality  index'  for  each 
arc  in  the  network.  Such  an  index  would  provide  one  means  of  evaluating 
the  sensitivity  of  the  optimal  solution.  Additional  sensitivity  analyses 
might  consist  of  reruns  with  new  distributions  for  certain  variables  or 
altered  probability  levels. 

The  prime  difficulty  in  using  such  an  approach  is  the  computer  time 
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requirement  which  is  almost  an  exponential  function  of  the  number  of  arcs 
in  the  network.  One  solution  might  be  an  application  of  Dantz  ig’s  (34) 
decomposition  principle.  Another  might  be  to  take  a  relatively  small 
initial  sample  and  then  eliminate  all  arcs  that  were  never  critical. 
Knowing  the  initial  sample  size  and  the  probability  of  an  arc  being 
critical,  the  probability  of  making  an  error  in  eliminating  a  critical 
arc  can  be  calculated.  Alternatively,  one  could  keep  all  arcs  in  the 
program  but  weight  the  frequency  of  selecting  any  arc  inversely  to  its 
estimated  importance. 

8.3  Dynamic  Programming  and  Simulated  Sampling. 

A  third  approach  involves  dynamic  programming.  The  forage  handling 
system  of  alternatives  could  be  thought  of  as  a  dynamic  multistage 
problem  requiring  a  sequence  of  decisions.  "Bellman’s  principle  of 
optimality"  referred  to  by  Dantzig  (34)  emphasizes  the  application  of 
the  inductive  principle  to  such  problems.  An  optimal  policy  has  the 
property  that  whatever  the  initial  state  and  the  initial  condition  are, 
the  remaining  decisions  must  constitute  an  optimal  policy  with  respect  to 
the  state  resulting  from  the  first  decision.  Hillier  and  Lieberman  (60) 
discussed  the  characteristic  features  of  dynamic  programming  problems. 
These  can  be  listed  as: 

(1)  The  problem  is  divisible  into  stages,  each  stage  requiring 
a  policy  decision. 

(2)  Each  stage  has  a  number  of  states  associated  with  it,  either 
finite  or  infinite. 

(3)  The  effect  of  the  policy  decision  at  each  stage  is  to 
transform  the  current  stage  into  a  state  associated  with 
the  next  stage  (possibly  according  to  a  probability 


distribution) . 
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(4)  Given  the  current  state,  an  optimal  policy  for  the 
remaining  stages  is  independent  of  the  policy  adopted 
in  previous  stages. 

(5)  The  solution  procedure  begins  by  determining  the  optimal 
policy  for  each  state  of  the  last  stage. 

(6)  A  recursive  relationship  is  available  which  identifies 
the  optimal  policy  for  each  state  with  n  stages  remaining, 
given  the  optimal  policy  for  each  state  with  (n-1) 
stages  remaining. 

(7)  Using  this  recursive  relationship,  the  solution 
procedure  moves  backward  through  each  stage  -  finding 
the  optimal  policy  for  each  state  of  that  stage  -  until 
it  finds  the  optimal  policy  when  starting  at  the  initial 
stage. 

One  could  begin  by  expanding  the  existing  network  to  ensure  that  the 
exiting  arc  chosen  for  any  one  node  is  independent  of  previously  selected 
arcs.  The  network  could  then  be  rearranged  into  columns  of  nodes,  each 
column  corresponding  to  a  stage,  and  each  node  corresponding  to  a  state. 
Flow  from  a  node  can  only  go  to  a  node  in  the  adjacent  column  on  the 
right,  the  policy  decision  to  dictate  which  node.  The  number  assigned  as 
the  "distance'*  between  connected  nodes  can  be  interpreted  as  the  cost 
contribution  made  to  the  system  by  going  from  one  'state'  to  another. 

The  objective  would  be  to  find  the  shortest  route  through  the  network, 
and  thus  the  optimal  system. 

If  the  initial  and  terminal  nodes  of  the  modified  network  were  the 
same  as  those  used  in  the  existing  network  (see  figures  5,  6,  21  to  24) , 
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the  objective  function  may  be  minimum  cost  per  unit  of  protein  fed,  or 
some  other  objective  compatible  with  managerial  goals.  After  specifying 
the  objective  function,  the  solution  procedure  can  begin  by  setting 
definite  values  for  the  required  amount  of  protein  and  the  desired  cost 
per  unit  of  protein  -  the  optimal  policy  for  the  last  stage. 

This  problem  is  atypical  of  dynamic  programming  problems  in  that 
one  manageable  recursive  relationship  cannot  be  constructed.  As  the 
solution  procedure  moves  backward  through  each  stage,  finding  the 
optimal  policy  for  each  state  of  that  stage  involves  determination  of 
one  cost  figure  for  each  arc,  which  in  turn  may  require  an  evaluation  of 
equations,  a  testing  of  resource  availability,  and  simulated  sampling. 

It  is  conceptually  possible  to  attach  a  specified  confidence  limit  to  a 
cost  value  assigned  to  an  arc  connecting  two  nodes. 

A  dynamic  programming  approach  obviates  the  necessity  of  evaluating 
an  almost  infinite  number  of  possibilities  resulting  from  a  large, 
diverging  network.  This  approach  tends  to  change  a  problem  in  n 
variables  to  n  problems  in  one  variable.  On  occasion,  dynamic 
programming  permits  a  more  analytic  analysis  for  certain  arcs,  e.g. 
calculus  versus  the  Monte  Carlo  technique,  which  reduces  computation 
requirements.  Nevertheless,  programming  effort,  computer  storage  space 
and  computation  time  provide  potential  limitations  to  use  of  this 
dynamic  programming  approach.  Sensitivity  analysis  would  consist  of 
successive  program  reruns  with  different  'optimal  policies  for  the 
last  stage,  altered  resource  availabilities  and/or  redefined  confidence 


limits . 
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9.  CONCLUSIONS 

Of  the  systems  simulated  at  two  acreage  levels,  high-moisture 
silage  systems  outperformed  the  other  three  -  wilted  silage,  haylage 
and  dehydrated  forage  to  some  degree.  Within  the  systems  studied, 
considerable  cost  overlap  existed.  The  minimum-cost  systems  for  high 
moisture  silage,  wilted  silage  and  haylage  exhibited  a  cost  range  in 
common  -  at  least  under  Edmonton  weather  and  price  conditions.  Wilted 
silage  and  haylage  systems  compared  favorably  on  a  cost  basis,  but  were 
more  sensitive  to  changes  in  system  parameters  than  were  high-moisture 
silage  systems.  Cost  per  unit  of  production  for  any  particular  system 
does  not  alter  appreciably  between  200  and  300  acres.  Where  a  silage- 
type  end  product  is  concerned,  the  break-even  point  between  optimal  and 
sub-optimal  systems  may  occur  at  lower  acreage  levels. 

The  range  of  forage  making  costs  indicated  by  the  analysis  suggest 
that  actual  interest  and  depreciation  rates  used  in  establishing  custom 
rates  must  be  considerably  lower  than  those  used  in  this  study. 

Indicated  forage  making  costs  were  generally  higher  than  present  custom 
rates . 

The  suitability  of  the  GPSS  programs  in  generating  and  costing 
alternate  forage  handling  systems  is  questionable.  The  GPSS  approach 
is  an  awkward  one  that  monopolizes  computer  storage  and  time  unless  the 
problem  is  subdivided  into  several  stages.  If  the  network  can  be 
successfully  split  up  into  many  small  sections,  the  system  possibilities 
within  these  sections  simulated  in  separate  GPSS  programs,  and  the 
results  pooled  to  be  later  analyzed  with  another  program,  the  GPSS 
approach  provides  a  workable  way  of  conducting  a  cost-benefit  simulation 
of  forage  handling.  At  best,  computer  time  and  storage  requirements  are 
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extensive. 

An  examination  of  other  simulation  methods  however,  suggests  that 
regardless  of  the  mathematical  method  used  to  compare  alternate  forage 
handling  systems,  large  programs  seem  unavoidable.  The  present 
diversity  of  equipment  and  techniques  is  still  on  the  increase.  Any 
attempt  to  systematically  analyze  this  expanding  network  of  possibilities 
appears  destined  for  a  piecemeal  approach  compatible  with  available 
computer  hardware.  Simulation  of  weather-dependent  variables  at  some 
point  in  the  analysis  seems  unavoidable  if  the  overlapping  of  system 
costs  is  to  be  recognized. 

Definite  data  gaps  exist  in  present  engineering,  nutritional  and 
agrometeorological  data  on  forage  handling.  Quantitative  coefficients 
are  often  needed  where  only  qualitative  assessments  have  been  made. 
Mechanical  properties  such  as  angle  of  repose,  angle  of  internal  friction, 
coefficients  of  friction,  heat  of  respiration  and  thermal  diffusivity, 
to  name  some,  are  frequently  unavailable  when  calculating  the  engineering 
requirements  for  handling  the  forage  as  it  moves  from  field  to  feedbunk. 
Even  a  range  of  possible  values  would  be  of  more  use  to  systems  analysts 
than  none  at  all.  The  nutritional  value  of  forage  cut  and  collected  in 
a  specified  manner  and  subsequently  receiving  a  known  amount  of  weathering 
is  too  often  unknown.  The  third  data  gap  is  indicated  as  a  major  one  by 
the  analysis  conducted  in  this  thesis.  Drying  and  wetting  rates  of  cut 
forage  that  have  been  measured  in  one  area  under  one  weather  rdgime  are 
not  necessarily  directly  transferrable  to  another  area  subject  to  different 
weather  patterns. 

In  general,  it  is  felt  however,  that  attempts  at  mathematical  analysis 
will  assist  in  pointing  out  areas  for  research,  and  that  the  data  gap 
will  consequently  diminish. 
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APPENDICES 


APPENDIX  A 


CENSUS  DATA  RELATED  TO  FORAGE  PRODUCTION 
AND  FORAGE  HANDLING  SYSTEMS  IN  ALBERTA 

Al.  Changes  in  Use  of  Improved  Land  in  Alberta 

A  study  of  table  Al  reveals  the  trend  toward  an  increase  in 
improved  pasture  and  hay land  area.  Present  cereal-crop  market 
conditions  and  a  growing  interest  in  livestock  production  as  an 
alternative  will  in  all  probability  augment  the  trend.  Sales  of 
hay  and  fodder  (see  table  A2)  will  likely  increase  accordingly, 
should  forage  become  another  cash  crop  with  a  ready  market. 

A2.  Tame  Hay  Acreages  Found  on  Commercial  Farms 

Although  the  trend  is  obvious  on  a  total  area  basis,  a  closer 
study  of  the  acreages  of  tame  hay  reported  per  farm  underlines  the 
relatively  minor  number  of  holdings  controlling  the  majority  of  the 
total  acreage.  Taking  the  1966  statistics  on  tame  hay  acreage 
intervals  (see  table  A3)  at  their  lower  level,  farms  with  more  than 
192  acres  of  tame  hay  would  constitute  21.3%  of  the  total  tame  hay 
acreage;  farms  with  more  than  127  acres  would  account  for  38.3%  of 
the  total  tame  hay  area.  At  their  upper  limits,  acreages  of  33  to 
127  acres  would  comprise  75.5%  of  the  total;  at  their  lower  limits 
46.9%  of  the  total.  Although  alfalfa  and  alfalfa  mixtures  account 
for  over  half  of  the  tame  hay  acreage  in  C.D.  #11,  four  arbitrary 
acreage  sizes  that  might  be  chosen  for  a  general  comparison  of 
forage  handling  systems  are: 


A2 


TABLE  Al.  CHANGES  IN  USE  OF  IMPROVED  LAND  IN  ALBERTA* 1 2 3 


Commercial  Farms 

1961  1966  %  Change 


Total  area  of  agricultural  land  (ac.) 
Agricultural  holdings  (no.) 

Acres  per  holding 

Improved  land  (ac.) 

Crops  (ac.) 

Improved  pasture  (ac.) 

Summer  fallow  (ac.) 

Total  tame  hay  (ac.) 

Holdings  reporting  (no.) 

Acres  per  holding 

Oats  cut  for  fodder  (ac.) 

Holdings  reporting  (no.) 

Acres  per  holding 

Corn  for  ensilage  or  fodder  (ac.) 
Holdings  reporting  (no.) 

Acres  per  holding 

Other  fodder  crops  (ac.) 

Holdings  reporting  (no.) 

Acres  per  holding 


37,241,021 

40,986,692 

10.0 

45,203 

48,971 

8.3 

824 

837 

1.6 

20,978,849 

24,308,687 

15.9 

12,848,411 

15,792,439 

22.9 

1,363,123 

1,988,590 

45.9 

6,367,902 

6,057,348 

-4.9 

1,929,767 

2,466,501 

27.8 

28,763 

32,123 

11.7 

67.1 

76.8 

14.2 

967,232 

1,000,357 

3.4 

37,623 

40,579 

7.9 

25.7 

24.6 

-4.2 

314,651 

546,319 

73.6 

33,659 

33,155 

-1.5 

9.4 

16.5 

76.2 

281,645 

363,304 

29.0 

9,124 

10,979 

20.3 

30.9 

33.1 

7.2 

Source:  Canada,  Dominion  Bureau  of  Statistics,  1966  Census  of  Canada, 

Vol .  V,  Agriculture,  Catalogue  No.  96-610  (Ottawa,  1968). 


( 1)  50  acres  -  close  to  the  average  alf alf a/alf alfa 
mixture  acreage  per  holding  in  C.D.  #11. 

(2)  80  acres  -  close  to  the  provincial  average  tame 
hay  area  per  holding. 

(3)  160  acres  -  a  rough  choice  in  the  128-192  acre 
interval  that  accounts  for  from  17.0%  to  25.4% 


TABLE  A2 .  IMPORTANCE  OF  HAY  AND  FODDER  SALES 
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TABLE  A3.  TAME  HAY  ACREAGES  IN  ALBERTA 
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(4)  300  acres  -  a  guideline  for  any  attempted 

prognosis . 

A3.  Equipment  Related  to  Forage  Handling 

Table  A4  presents  some  data  on  farm  machinery  on  commercial 
farms  in  Canada  and  Alberta,  particularly  on  machines  frequently 
incorporated  into  a  forage  handling  system.  The  figures  tell  us 
nothing  about  the  changes  that  have  been  made  in  forage  handling 
systems,  but  seem  to  indicate  little  change  in  the  type  of  major 
equipment  used.  Notice  that  the  average  farm  has  two  tractors  and 
that  baled  hay  is  still  more  prevalent  than  silage  if  the  numbers 
of  machine  units  are  any  indication. 


TABLE  A  4 .  FARM  MACHINERY  NUMBERS  ON  COMMERCIAL  FARMS  IN  CANADA' 
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APPENDIX  B 


POWER  REQUIREMENTS  FOR  FORAGE  HANDLING  EQUIPMENT 

Power  requirements  are  given  on  the  basis  of  100%  field  efficiency 
and  will,  of  course,  vary  with  management  and  operational  practices. 

For  some  items  of  equipment,  manufacturers  specify  the  minimum  pto  hp 
requirements . 


TABLE  Bl.  POWER  REQUIREMENTS  FOR  FORAGE  HANDLING  EQUIPMENT 
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APPENDIX  C 


CAPACITY  DATA  FOR  FORAGE  HANDLING  EQUIPMENT 

Cl.  Width-Dependent  Capacity  Calculations 

Effective  machine  capacities  were  calculated  using  the  following 
equation  taken  from  the  ASAE  Yearbook  (48) : 

C  =  SWE/825 

where  C  =  effective  field  capacity  in  ac/hr 
S  =  travel  speed  in  mph 

W  =  rated  width  of  machine  in  action,  in  feet 
E  =  field  efficiency,  in  percent 
Since  some  types  of  machines  took  on  varying  widths  in  the  two  GPSS 
programs,  a  common  figure  was  stored  as 

C  =  1000  SE/ 825 

where  C  =  effective  field  capacity  in  1000  x  ac/hr-ft 
The  multiple,  of  course,  was  used  to  compensate  for  the  decimal  accuracy 
that  would  be  lost  in  truncation  to  an  integer  quantity.  Table  Cl 
includes  the  ranges  of  speeds  and  efficiencies  that  have  been  used  for 
some  of  these  machines.  The  coefficients  inserted  in  matrix  MH3  of 
both  programs  were  calculated  for  low  efficiency  and  low  speed,  low 
efficiency  and  high  speed,  high  efficiency  and  low  speed,  and  high 
efficiency  and  high  speed.  The  largest  of  these  four  alternatives  was 
used  in  subroutine  RATE1  for  the  two  simulation  runs  that  were  completed. 
C2.  Power-Dependent  Capacity  Calculations 

According  to  Bainer,  Kepner  and  Barger  (3),  the  theoretical 
maximum  capacity  of  a  forage  harvester  could  be  calculated  using  the 
manufacturer's  specification  sheet  and  geometrical  relationships. 


bfT&qO 


C2 


* 

TABLE  Cl.  EFFICIENCY  AND  SPEED  DATA 


Machine 


Efficiency 

% 


Speed 

(mph) 


Mower3  ^ 

75 

— 

85 

3.5 

-  5.5 

Mower  and  conditioner 

75 

- 

83 

3.3 

-  5.4 

Side-delivery  rake 

75 

- 

90 

3.5 

-  5.0 

Rake 

62 

- 

89 

3.5 

-  7.2 

SP  windro^er 

Windrower 

75 

- 

85 

3.5 

-  4.5 

63 

- 

81 

1.8 

-3.5 

Forage  harvester 

50 

- 

75a 

3.3 

-  4.6 

Multi-treatment  machine  ^ 

75 

- 

85 

3.5 

-  5.5 

Forage  harvester,  trailers  alongside 

> 

85 

Forage  harvester,  trailers  towed 

70 

Baler  alone 

65 

- 

80a 

1.5 

-  4.6 

Baler  plus  wagon 

55 

- 

70a 

Dehydrator  (rotary  drum  drier) 

50 

- 

85f 

Wagons  (thrown  bales) 

80 

First  choice  for  data  to  be  used  in  the  two  GPSS  programs. 
Source:  The  ASAE  Yearbook  (48) . 

^Source:  The  Grain  Grower  (122). 
c 

Speed  and  efficiency  assumed  close  to  those  of  the  mower. 

^Source:  Shepperson  and  Corrie  (112)  . 

e 

Source:  Paper  presented  by  Fortin  (20). 

^Source:  Hundtoft  and  Guest  (62) .  Space  efficiency  calculated 

using  a  dry  density  of  shorter  bales  as  7  pcf . 


C3 


However,  this  figure  would  far  exceed  the  actual  capacity  due  to 
unavoidable  variations  in  moisture  content,  swath  density,  field 
conditions,  state  of  repair  of  the  machine  and  operator  expertise. 
The  following  equation  was  used  in  establishing  a  theoretical  field 
capacity  for  any  particular  forage  harvester: 


C  =  PE/(QY(100  t  R) ) 

where  C  =  effective  field  capacity  in  standard  ac/hr 

P  =  available  power  in  pto  hp 

E  =  field  efficiency  of  the  harvester  in 
percent 


Q  -  power  requirement  of  the  forage  in 
pto  hp-hr/ ton  DM 

Y  =  yield  in  tons  DM/ac 

R  =  rest  allowance  in  percent 

C3 .  Capacity  Calculations  for  Chain-and-Fligh t  Conveyors 

The  volumetric  capacities  of  a  chain-and-flight  conveyor  depend  on 

flight  dimensions  and  spacing,  chain  speed,  the  effective  angle  of  repose 

of  the  material  being  handled,  and  the  angle  of  elevation  of  the 

conveyor.  Richey  (104)  stated  that  the  capacity  of  an  inclined 

conveyor  compared  with  level  capacity  is  90%  at  20°,  80%  at  25°,  70%  at 

30°  and  60%  at  35°,  particularly  when  handling  granular  materials. 

Apparently,  maximum  limits  on  flight  capacities  may  supersede  the 

capacities  calculated  using  the  variables  first  mentioned  in  this 


paragraph . 

Setting  aside  this  latter  consideration  for  the  moment  and 
calculating  capacities  according  to  flight  dimensions,  angle  of  repose, 
and  angle  of  elevation,  the  following  procedure  could  be  used.  Given 


« 


. 


C4 


V  = 

volume  of  flight  in  cubic  inches 

a  = 

angle  of  repose  in  degrees 

3  = 

angle  of  elevation  in  degrees 

1  = 

flight  spacing  in  inches 

w  = 

flight  width  in  inches 

d  = 

flight  depth  in  inches 

let  y  =  a  - 

-  3  where  a  >  3 

and  let  y  = 

=  a  +  90  -  3  where  a  <  3  (see  figure  Cl) . 

In  the  case  of  a  <  3, 

„  1  ,2 

V  =  -^wd  tany 

if  some  of  the  bottom  of  the  flight  space  is  visible,  or 

V  =  (wl(d  -  ltany/2) 

if  the  bottom  of  the  conveyor  deck  is  completely  covered. 
Where  a  >  3,  total  volume  is  equal  to  the  cubic  space  of  the 
level-full  flight  plus  the  heaped  material  above  that  — 
sloped  in  two  planes.  Using  the  labels  indicated  in  figure 


Cl, 

1  = 
a 

=h  tan  (90  -a-  3) 

a 

1  tan  (90  -  a  “  3) 

tan  (90  -  a  -  3)  +  tan  (90  -  a  +  3) 

!b  ■ 

=  1-1 

a 

V  =  wld  +  4  L  H-  /L=1  ^  L 

L=0  L=1 

a 

=  wld  +  7-  (tanyl^  +  tan  (a  +  3)1^) 
ob  a 


* 

« 
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/\ 


Figure  Cl.  Side  views  of  flight  load  patterns. 
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For  purposes  of  this  study,  arbitrary  limits  were  placed  on  flight 
capacities  since  the  effects  of  mechanical  vibration,  irregular  loading 
conditions,  slump  of  the  material,  and  initial  peaking  of  the  material 
were  unknown.  Coefficients  of  friction  of  the  forage  on  steel  plate, 
a  function  of  moisture  content,  were  taken  from  Richey  (104)  to  be  used 
in  calculating  the  electric  horsepower  required  for  a  given  capacity 
(see  Appendix  I)  . 
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APPENDIX  D 


COST  DATA  FOR  FORAGE  HANDLING  EQUIPMENT 

Dl.  Observed  Distribution  of  Cost  Data 

Southwell's  (114)  Ontario  studies  showed  that  using  larger 
conventional  power  units  reduces  capital  expenditure  per  unit 
performance  by  3%  to  4%  without  influencing  efficiencies.  His 
analysis  of  suggested  retail  prices  indicated  that  diesel  tractors 
require  10%  more  capital  per  pto  hp  and  6%  more  capital  per  dbhp 
than  do  gasoline  tractors.  In  addition,  conversion  efficiency 
was  not  related  to  tractor  size.  In  line  with  these  findings, 
tractor  cost  was  split  into  two  items,  gasoline  and  diesel  tractor 
costs,  for  the  two  simulation  programs. 

Table  Dl  summarizes  the  cost  observations  made  —  these  cost 
data  collected  from  various  farm  machinery  dealers  in  the  Edmonton 
vicinity  during  1969,  Note  that  not  all  types,  sizes  or  manufac¬ 
tures  of  a  given  item  of  equipment  are  necessarily  included  in  the 
tables.  Also,  cost  figures  do  not  take  into  account  discounts  for 
trade-in  or  cash  sales. 

D2.  Depreciation  and  Repair  Rates 

Straight-line  depreciation  rates  were  used,  10%  of  the  initial 
cost  taken  as  the  arbitrary  scrap  value.  The  depreciation  rate 
used  depended  on  the  item  in  question  and  on  the  maximum  allowable 
rate  for  income  tax  purposes  (see  table  D2) .  Repair  costs  are 
largely  dependent  on  the  operator  and  managerial  skills  available. 
Both  per  annum  fixed  costs  and  repair  costs  may  be  spread  over  two 
or  more  farm  enterprises.  Proportions  will  alter  with  the  partial 
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TABLE  Dl.  MACHINERY  COST  AND  CAPACITY  DATA 
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Assumed  equivalent  to  the  ensilage  blower. 


budgeting  decided  on  by  the  manager  —  but  for  this  more  general 
case,  such  parameters  are  set.  Per  annum  fixed  costs  of  self- 
propelled  windrowers,  front-end  loaders  and  attachments,  and  wagons 
were  attributed  entirely  to  the  forage  enterprise.  Similar  costs 
for  tractors  were  shared  on  the  basis  of  annual  use  in  hours.  An 
arbitrary  figure  of  600  hours  per  year,  as  used  by  Moggach  (89), 
was  selected,  and  the  operating  hours  per  year  spent  on  the  forage 
handling  system  decided  the  fraction  of  fixed  and  repair  costs  to 
be  ascribed  to  the  forage  enterprise.  This  600-hour  figure  was 
somewhat  high  for  Census  Division  No.  11,  but  it  ensured  that  less 
than  100%  of  the  tractor  fixed  costs  accrued  to  the  forage  system. 

The  network  was  constructed  so  as  to  always  include  the  tract 
on  cutting  and  harvesting  equipment  as  an  owned  item.  Power  units 
required  elsewhere  for  moving  the  forage  were  treated  as  either 
owned  or  hired  —  once  selected,  the  choice  was  irrevocable  for 
the  remainder  of  the  year  being  simulated. 

D3.  Equipment  -  Cost  Data  Input 

Cost  data  were  input  to  the  program  in  different  ways.  Some 
were  introduced  in  matrix  form  at  the  outset  of  the  program. 

Table  D3  lists  some  of  these  constants,  some  used  to  calculate 
other  constants,  which  were  called  out  of  storage  as  required. 

In  some  cases,  cost  data  were  adequately  approximated  by 
regression  equations  (see  table  D4) .  The  point  on  the  X-axis  was 
selected,  then  the  corresponding  Y-value  (cost)  calculated. 
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sample  size,  low  correlation  or  existence  of  another  suitable  approach  obviated  the  need  for  these  regression  equations. 


D14 


Dehydrator  equipment  costs  were  some  of  those  data  calculated 

before  insertion  into  the  program.  The  total  cost  delivered  to 

Edmonton  included  an  8%  exchange  rate  plus  the  shipping  costs  from 

the  factory  at  20,000-pound  maximum  carload  rates  for  agricultural 

implements.  Material  costs  included  a  six-inch  concrete  pad 

reinforced  with  6"  x  6"  10/10  wire  mesh  under  the  feeder  and 

dehydrator  and  reinforced  with  1/2  inch  Re-bar  at  six- inch  intervals 

in  both  directions  under  the  apron.  This  arbitrary  concrete 

support  will,  of  course,  vary  with  different  weight-bearing 

capacities  of  soils  and  changing  traffic  loads  expected  at  these 

points.  Table  D5  outlines  the  steps  used  in  composing  the 

$84,320  constant  used  in  Appendix  G.  For  determination  of  weather 

2 

protection  costs,  the  total  area  of  1476  ft  was  approximated  as 
1500  ft2. 


TABLE  D5 .  FIXED  COST  OF  DEHYDRATING  EQUIPMENT 

Item  Cost 


Total  delivered  cost  (98,680  lb)  to  the  nearest  dollar 
5%  contingency  allowance 

Concrete:  738  ft2  at  $18/yd^  $492.00 

Re-bar:  1280  ft  at  $8.10/100  ft  103.68 

Mesh:  1156  ft2  at  $45/1000  ft2  51.20 

Total  material  costs 

Labour  costs  taken  as  50%  of  material  costs 
Total  approximate  cost  less  weather  protection 


$79,376 

3,968a 


647 

323 

$84,314 


Covers  such  things  as  s tation-to-f arm  transport  costs  and  set-up 
costs . 


APPENDIX  E 


ASTROMETEOROLOGICAL  ESTIMATOR  PROGRAM 

For  some  sets  of  work/non-work  criteria  used  in  analyzing 
historical  weather  data  and  subsequently  obtaining  cumulative  proba¬ 
bility  curves,  day  length  and  solar  radiation  data  were  required  for 
specified  days  of  the  year.  Tables  are  available  for  selected  days  and 
selected  latitudes  (79),  but  interpolation  would  be  required  for  values 
applicable  to  the  Edmonton  area.  Programs  developed  by  Robertson  and 
Russelo  (105)  for  operation  on  the  I.B.M.  1620  computer  include 
calculation  of  day  length  and  daily  solar  radiation  at  the  top  of  the 
atmosphere  for  any  latitude  and  longitude.  The  following  listings  are 
essentially  the  same  programs  with  format  modifications  and  one  or  two 
procedural  changes.  The  programs,  run  successively  on  the  I.B.M.  360/67 
computer,  produced  the  required  data  in  card  form  to  be  used  as  an  input 
data  set  for  the  program  listed  in  Appendix  F. 
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APPENDIX  F 


WEATHER  DATA,  ANALYSIS  PROGRAM  AND  TABLES 

FI.  Sources  of  Weather  Data 

When  field  tractability  was  used  as  the  criterion  for  cutting 
forage,  the  series  of  X’s  and  ,’s  representing  'good'  and 
'bad'  days  respectively  were  taken  from  tables  given  by  Rutledge 
(107)  for  the  Edmonton  area.  When  other  sets  of  criteria  were 
used  to  obtain  'good*  and  'bad'  day  probabilities,  daily  maximum 
and  minimum  temperatures,  daily  precipitation,  daily  average  wind 
speed  and  daily  bright  sunshine  hours  were  copied  from  D.O.T. 
monthly  summaries  of  weather  at  the  Edmonton  Industrial  Airport. 

Day  lengths  and  daily  solar  radiation  at  the  top  of  the  atmsophere 
were  obtained  from  the  program  listed  in  Appendix  E.  Data  for 
June  through  September,  1950  to  1969,  were  chosen  so  as  to  include 
all  likely  starting  and  finishing  dates  for  the  two  cuts  prevalent 
in  the  Edmonton  region. 

F2.  The  Weather  Analysis  Program 

Because  the  weather  pattern  during  the  forage  growing  season 
deviates  a  varying  amount  from  the  long-term  norm,  calendar  dates 
only  approximate  the  maturity  date  of  the  crop.  Russell  (106) 
used  June  20  to  July  15  and  August  15  to  September  18  for  the  first 
and  second  cuts  of  hay  in  the  Red  Deer  area.  Different  starting 
dates  and  period  durations  were  tested  over  the  20  years  of 
weather  history  to  see  what  changes  in  cumulative  probability 
curves  might  result.  In  terms  of  field  tractability,  Rutledge 
(107)  noted  that  good  and  bad  days  exhibited  persistence. 


F2 


Allowance  was  made  in  the  data  analysis  for  this  contingency. 

The  criteria  used  by  Borgman  and  Brooker  as  referenced  by 
Jeffers  (67)  were  included  as  a  comparison  for  the  arbitrary  set 
of  criteria,  and  not  because  the  resulting  probability  curves  could 
in  any  way  be  applicable  to  Alberta  haying  conditions.  The 
arbitrary  set  of  criteria  were  nothing  but  an  experienced  guesstimate, 
reasonable  but  subjective.  Mean  daily  dew-point  temperature  was 
calculated  using  either  a  regression  equation  developed  by  Baier 
and  Robertson  (3)  or,  as  in  subroutine  CRITB,  a  psy chrometric 
equation  developed  by  Brooker  (17)  . 

F3.  Weather  Probability  Tables 

Tables  Fl  through  F7  summarize  the  more  pertinent  output  of 
the  analysis  program.  The  changes  in  probability  corresponding  to 
a  change  in  harvest  date  or  a  period  extension  are  quite  noticeable. 
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Tabulated  data  arbitrarily  cut  off  at  the  1"  level  since  the  cumulative  curve  is  almost 
complete  at  this  point. 


TABLE  F5 .  CUMULATIVE  HAYING-DAY  PROBABILITIES  USING  BORGMAN  AND  BROOKER’S  CRITERIA' 
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Note.  Blank  cells  indicate  that  values  for  those  cells  are  the  same  as  the  previous  value  entered  in  the  table. 


TABLE  F6.  CUMULATIVE  HAYING-DAY  PROBABILITIES  USING  THE  ARBITRARY  SET  OF  CRITERIA 
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Data  analyzed  for  the  years  1950  through  1969  for  the  Edmonton  area.  Maximum  sequence  length  considered  was  20  days. 

or  missing  days  indicate  that  values  for  these  cells  or  days  are  the  same  as  the  previous  value  entered  in  the  table. 


TABLE  F7 .  CUMULATIVE  PROBABILITIES  OF  POTENTIAL  EVAPOTRANSP I RATION 
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Data  analyzed  for  the  years  1950  through  1969  for  the  Edmonton  area. 


APPENDIX  G 


GPSS  PROGRAM  FOR  ALTERNATIVE  SYSTEMS 
NOT  USING  FIELD  CURING 

The  program  contained  in  this  appendix,  listed  in  a  form  similar 
to  that  of  the  initial  phase  output,  includes  the  symbolic  block 
references  as  punched  onto  the  computer  cards.  In  the  assembly  phase, 
these  references  are  converted  to  their  numeric  equivalents.  Conse¬ 
quently,  any  blocks  using  actual  numeric  block  references,  such  as  the 
TRANSFER  block  in  the  PICK  mode  or  the  LOOP  block,  must  be  altered  if 
blocks  are  added  to  or  deleted  from  the  program.  Although  most  of  the 
non-block  entities  may  be  inserted  at  any  point  in  the  program  between 
the  SIMULATE  card  and  the  TERMINATE  block,  they  must  be  introduced  befor 
any  block  referring  to  them. 

This  program  represents  that  portion  of  the  macro-network  including 
arrows  labelled  ’high-moisture  silage’  and  ’dehydrated  alfalfa'.  See 
figures  5  and  6  for  the  network  of  possibilities  considered  —  neither 


exhaustive  nor  all-inclusive. 
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APPENDIX  H 


GPSS  PROGRAM  FOR  ALTERNATIVE  SYSTEMS 
INCLUDING  FIELD  CURING 

This  program  represents  that  portion  of  the  macro-network  including 
'wilted  alfalfa  silage'  and  'hayiage'  arcs  or  arrows.  See  figures  5 
and  21  for  the  network  of  possibilities  considered  —  neither  fully 
comprehensive  nor  all-inclusive  —  for  the  Edmonton  area.  To  limit  the 
number  of  alternatives,  changes  could  be  made  in  the  cards  immediately 
following  the  TRANSFER  PICK  blocks  that  are  of  interest.  Similarly,  a 
half-word  SAVEVALUE  could  be  given  a  constant  value  instead  of  a  ranging 
value  by  reducing  the  appropriate  range  coefficient  (in  FUNCTION  10)  to 
zero.  Note  that  introduction  of  additional  individual  machines  into 
MSAVEVALUE  7  or  8  would  require  alterations  in  blocks  referencing  these 


matrices . 
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APPENDIX  I 


LIST  OF  THE  GPSS  VARIABLES 

II.  General  Notes  on  the  GPSS  Variables 

The  equations  used  in  the  GPSS  programs  were  purposely 
restricted  to  the  FVARIABLE  type.  These  variables  require  integer 
inputs  but  calculate  in  floating-point  before  truncating  the  answer 
to  an  integer  value.  For  the  purposes  of  this  simulation,  the 
increased  accuracy  helped  to  minimize  the  cumulated  truncation 
error.  In  addition,  the  ’1/2'  found  at  the  end  of  most  of  the 
variable  definition  cards  was  included  to  round  the  answers  to 
their  nearest  whole  numbers.  As  in  the  FORTRAN  language,  multi¬ 
plication  and  division  take  precedence  over  addition  and  subtraction. 

In  the  explanation  following  each  listed  variable,  some 
shorter  notation  may  have  been  used  for  the  following  items: 

Digestible  protein  of  the  cheapest  protein  source  (dp^) 
Digestible  protein  of  the  cheapest  energy  source  (dp£) 
Kilocalories  of  digestible  energy  (kcal) 

Kilotherms  of  digestible  energy  (kth) 

Tons  of  wet  matter  (twm) 

Tons  of  dry  matter  (tdra) 

Tons  of  digestible  protein  (tdp) 

Moisture  content,  wet  basis  (me) 

Power  take-off  (pto  hp) 
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12.  GPSS  Variables  for  High  Moisture  Silage  and  Dehydrated  Alfalfa 


VI 


XH1-(XH2*XH5/XH4)  *2000/XH3+l/2 


For  an  organic  portein  source,  cost  of  purchased  protein 
in  cents  per  ton  of  digestible  protein 


T  cheapest  protein  source  bu  cheapest  energy  source 


%dpe  X  10  2000  lb 

X  %dp  x  10  X  T  *  bu 


lb 


V2 


XHl*1000/XH4+l/2 


For  urea,  cost  of  purchased  protein  in  cents  per  ton  of 
digestible  protein  =  T  cheape7t- 

protein  source  (urea) 


V3 


x 


1000% 


%dp  x  10 
P 


( 1000000 *XH2 /XH3-XH5*Xl/2) /XH7+1/2 

Cost  of  purchased  energy  in  cents  per  kilotherm  of 


V4 


digestible  energy 


=  ( 


lb 


bu  cheapest  energy  source  ‘  bu 


%dpe  x  10 

1000% 


x 


_C_  . 


tdp 


2000  lb)  ^  (kcal  x  1  kth  ) 


lb 


lO^kcal 


(MX2 ( *8, 10)+MX2  ( *8, 11)  *(X31+2)  ^lO^ClOO-™10)  /x35)  /10° 

Initial  cost  in  dollars  per  transport  unit 

3 


=  (— —  +  Sdll L  x  load 
vunit  unit  - 


twm  x  2  +  IL.  x  2  2000  lb 

box  x  - = 


(100%  -  mc%) dm  ^  lb  dm  100^ 


100%  win 


ft 


x 


. 


X 
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V5 


V6 


V7 


(MX2(*8, 10)+MX2(*8, 11) *(X31+2) /2) / 100+1/2 

Initial  cost  in  dollars  per  transport  unit 

=  +  c n_  x  2  +  x  2  100c 

'unit  +  unit  x  _  b°*  )  * 

(MX2(*7,10)+X49*MX2(*7,ll)/100+l/2 

Initial  cost  in  dollars  per  tractor 

_  /  C  +  C  pto  hp  ^  100c 

'"tractor  pto  hp  x  tractor  *  $ 

X20*(XH34/10+XH30+XH31/10+XH32) /100+1/2 

$  initial  cost  ,  10 

=  - tractor -  x  (amortlzat:ion  %  x  —  +  interest  % 

+  insurance  %  x  +  housing  %)/100% 


V8 


X19*X36 


$  cost  -  units  x 


$  costs 


unit 


V9 


X19  *X3  6  (  X2 1  /  10+XH30+XH3 1  /  10+XH3  2  )  +1  /2 


Per  annum  fixed  cost  in  cents 


V10 


Vll 


$  initial  cost  100c  ,  „ .  a/  10 

=  units  x  - : -  x  — t —  x  (amortization  %  x  — 

unit  $  10 

+  interest  %  +  insurance  %  x  -jy-  4-  housing  %)/100% 

X20*(21/10+XH30+XH31/10+X23)+l/2 

Per  annum  fixed  cost  in  cents 

100c  ,  ...  „  10 


=  $  initial  cost  x 

10 


$  x  (amortization  %  x  —  +  interest 


+  insurance  %  x  +  housing  %)/100% 

X90*(XH89+1) /1000+1/2 

.  ,  n  3  digit  random  number  +  1 

Randomly  chosen  number  =  value  x  - 2 - - 


. 
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V13 


X20*( 100-XH14) / 100+1/2 


Cost  $  =  cost  $  x  1_QQ%  -  %  salvage  value 

100% 


V14 


MX3 ( *16 , 4) *X25*10/ ( 1000+XH38)+l/2 


SiC 

Standard  capacity  in  —  x  1000 

ac  mnn  100 

x  1000  x  ft  x  —  x 


1000% 


hr-ft 


100  1000%  +  rest  allowance  %  x  10 


V15 


X24*X2 7*1000000/ (XH29*X478( 1000+XH38)+1 /2 


3.C 

Standard  capacity  in  —  x  1000 
,  field  efficiency  % 

“  pto  hp  x - ioo% -  ' 


.pto  hp  -  hr  10 
C  tdm  X  10 


tdm  10 N  , 

x  -  x  — )  x  ( 


1000% 


ac 


10' 


1000%  +  rest  allowance  %  x  10 


)  x  1000 


V16 


X20*MX2 ( *7 , 15) /100 

Repair  rate  in  cents  per  hour  =  $  list  price  x 


%  of  list  price 
100  hr  operation 


100c  1 

x  — —  x 


$ 


100% 


V20 


X33*X31/2+l/2 

minutes 

Unloading  time  in  ~Y0'a~d —  x 


min  100 
twm  X  100 


x 


twm 


_  2 

load  X  2 


V21 


(X51*MX1(1, 28)+X54*MXl( 1 , 29) ) *X20*X81 

If  units  are  hired  on  a  day  rate,  custom  charges  for  transport 
trucks  or  tractors  in  cents 

=  (transporting  units  (1st  cut)  x  days  to  harvest  (1st  cut) 

+  transporting  units  (2nd  cut)  x  days  to  harvest  (2nd  cut)) 

C  hr 

x  custom  charges  in  —  x  ^ 


' 
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V22 


V25 


V26 


V27 


V28 


V29 


V32 


X19*X20/60+l/2 

Custom  unloading  cost  in  cents  =  unloading  time  in  min 

C  60  min 
X  hr  *  hr 


X34*( 1000+XH38( / 1000+1 /2 
Standard  manoeuvering  time  in 


x  100 


=  manoeuvering  time 


min 

load 


x  100  x 


min 
load 

1000%  +  rest  allowance  % 


1000 


X38*( 1000+XH38) /1000+1/2 
Standard  unloading  time 


min 

load 


x  100 


XH17*10*(1/XH83+1/XH84) *6000+1/2 


Standard  travelling  time  in 

miles  one  way  , 

=  - - - 3 ^  x  10  x  ( 


mm 

load 

1 


x  100 


load 
60  min 


mph  x  10  empty  mph  x  10  loaded 


) 


hr 


x  100 


X32*( 1000+XH39) /100+1/2 


min 


Standard  hit ching-unhitching  time  x  100 


XH80*X53XH20/60+l/2 


Labour  cost  in  cents 


min 

no.  of  men  x  -  x 


C  1  hr 

x 


man  man-hr  60  min 
X55*X24*X29*X30*115 / (60000 *1000) +X5 5 *X22/ 60+1/ 2 
Operating  cost  in  cents  of  forage  harvester  (fuel,  oil, 
lubrication  and  repairs) 


1000  C  10 
x  ,  x  - -  x 


min  x  pto  hp  x  ptQ  hp  _  hr  x  i000  X  gal  X  10 
IIS  1  hr  .  .Cl  hr 

I§  x  60W  +  mln  x  repair  cost  in  h7  x 


X  10 
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V33 


V34  = 


V35  = 

V36  = 


V37  = 


X52*(X32+X34+X35+X38) / 1000+1/2 

Total  operating  minutes  of  transport  units 

-  loads  x  yQ  x  (hit ching-unhit ching  +  manoeuvering  + 

travelling  +  unloading  time)  x 

load  100 

XH76*XH65*XH22*V33*115/ (60000*1000) 

Operating  cost  unit  in  cents  (fuel,  oil  and  lubrication) 


of  transport 


=  pto  hp  x 


gal 


1000  c  10 

X  T~ - x  — —  x  —  x  min 


pto  hp  -  hr  1000  gal  10 


115  1  hr 

x  x 


100  60  min 


( (X34+X32) /6000+XH 17*10 /XH84) *XH84/XH69+l/2 
(V35+(X38/6000+XH17*10/XH83)*XH83/XH68)*X52*XH22/100 

Operating  cost  in  cents  (fuel  only)  of  truck 
transport  units 

r  r  /u  •  *  •  i  • .  i  #  .  .  x  min  100 

=  1 l (hi tcning-unhit ching  +  manoeuvering)  - - ,  x 


load 


100 


1  hr  miles  one  way 
X  60  min  load 


10 


mph  x  10  empty 


] 


mph  x  10  empty 

mpg  x  10  empty 


r  ,  min  100  1  hr  ,  miles  one  way 

+  [unloading  - - ,  x  =  — - : —  +  - 


x 


load  100  60  min 

_ ,  ^  mph  x  10  loaded  j 

mph  x  10  loaded J  mpg  x  10  loaded 


load 


10 


1  ,  10  c  10 

x  loads  x  — r  x  - -  x  — 

10  gal  10 

X52*X39*( 1000+XH38) /1000000+1/2 
Total  minutes  spent  in  packing  =  loads  x  ~  x  packing 

100  1000%  +  rest  allowance  %  x  10 


10 


min 

time  m  - - .  x 


load  100 


x 


1000% 
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V38  = 


V39  = 


V40  = 


V41  = 


V42  = 


V43  = 


V37*XH76*XH65*XH22*115/(10000*60000)+l/2 
Operating  cost  in  cents  of  packing  units 


=  min  x  pto  hp  x 


115  1  hr 

X  X 


gal 


1000  C  10 
pto  hp  -  hr  X  1000  X  gal  X  10 


100  60  min 


X5 7 *2000000/ ( FN 30*35* ( 100-XH10) *XH37)+l/2 
Horizontal  silo  length  required  in  ft  x  10 


j  _  j  2000  lb 

=  tdm  stored  x  10  x  - — -  x 


100%  wm 


(100%  -  mc%)  dm 


*  <Tj 


ft 


lin  ft  silo 


35  lb  fillings  10. 
x  - ~ —  x  - x  — ) 


ft' 


year 


10' 


FN28*XH85/ 1000+1/2 


Outlay  in  dollars  for  storage  facilities 


lin  ft  silo 


10  1$ 

x  lin  ft  silo  x  ttt  x 


10  100c 


FN2  8*XH85* ( X2 1 / 10+XH 30+XH  31 / 10+X2  2 / 10 ) / 1000 


cents 


Per  annum  storage  cost  in  cents  =  g_^o 

1Q  ~  -  -  x  10 


x  lin  ft  of  silo  x  -77^  x  (amortization  %  x 


+  interest  %  +  insurance  %  x  +  repairs  %  x  -yjy)/100% 
XH85*FN29/ 10+1/2 

Per  annum  cost  in  cents  of  plastic  covering 


10 


=  lin  ft  silo  x  —  x  — 


10  lin  ft  silo 

(X57-X120) *FN11*(X118*X1+119*X2*2) /( 1000*1000)+l/2 

,  J  ,10 

Storage  losses  in  cents  -  (tdm  stored  x  ^ 

10.  %dm  storage  loss 

equivalent  maturity  loss  tdm  x  ^q)  x  100%  dm 


lkth 


2000  lb 


r%dp  x  10  C  ,  kcal  _C_  ^ 4* x 

X  *1000%  dm  X  tdp  +  lb  dm  kth  i06kcai  T 
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V44  =  X57*( 100-FN11) / ( 100-XH10)+l/2 

Total  twm  to  unload  x  10  =  tdm  stored  x  10  x 


100%  -  %  storage  loss 

100% 


x 


100%  wm 


(100%  -  me  %)  dm 


V45  =  X42*(X43*( 100-XH10) /100-X120) / 100+1/2 


Trampling  loss  in  tdm  x  10  = 


%  dm  loss 
100%  dm 


K  (twm  to  unload  x  10  x  (100%  ~  m.c  Z)  dm 

100%  wm 


V46  = 


-  equivalent  maturity  loss  tdm  x  10) 
V45*(X118*X1+X119*X2*2) /10000+1/2 


Trampling  loss  in  cents  =  loss  in  tdm  x  ^  x 

,%  dp  x  10  C  kcal  C  1  kth  2000  lb. 

1000%  dm  X  tdp  lb  dm  X  kth  X  1(-6.  1  X  T 

10  kcal 

V47  =  X20*FN31*15/2000+l/2 


Cost  in  dollars  of  self-feeding  gate 


$  initial  cost 
20  ft 


x  ft  width  of  silo  x  —  x 


10  100%  +  50%  for  labour  cost 


100% 


V48  =  V47*(X21/10XH30+XH31/10+X22/10)+l/2 

Per  annum  fixed  cost  in  cents  of  self-feeding  gate 

=  $  cost  x  — ^ —  x  (amortization  %  x  +  interest  % 

+  insurance  %  x  +  repairs  %  x  — )/100% 

V49  =  XH20*FN31+XH85*(1000+XH39) / (20*1000*60)4-1/2 

Labour  cost  in  cents  of  moving  self-feeder 

e  r  10 

=  — —  x  ft  width  x  silo  length  ft  x  —  x 
man-hr 


1000%  +  rest  allowance  %  1  hr  10  man-min 

100%  X  60  min  20  ft 


, 
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V50  = 


60*X43*(10000+XH38) /( 1000  *X49) +1/2 
Minutes  spent  unloading 

=  — °-  mxn  x  twm  x  —  x  1Q00%  +  res t  allowance  %  x  10 
hr  10  1000% 

*  (to™.  x  10 

’  ^  hr  KT 


V51  = 


XH76*XH65*XH22*V50*115/ ( 10000 *6000) +V50*X1 11/ 60+1 /2 
Operating  cost  in  cents  of  mechanically  unloading  the 


silo 

=  pto  hp  x 


_gal  1000  c  10 

x  tttt  x  — —  x  ~rzr  x  min 


pto  hp  -  hr  1000  gal  X  10 


x 


1  hr  115 


60  min  x  100  +  min  x  rePalr  rate  in  K7  x 


1  hr 
hr  A  60  min 


V52  = 


XH20*V50/60+l/2 


Labour  cost  in  cents  of  unloading  the  silo  = 


man-hr 


x  man-min  x 


1  hr 
60  min 


V53  = 


( 100-X42) *X43*( 100-XH10) /10000+1/2 


Total  tdm  fed  x  10  =  i00%-  ~  1053 

-LU  U  Vo 

m  i  j  j  10  (100%  -  me  %)  dm 

twm  unloaded  x  —  x  A - 

10  100%  wm 

V54  =  X31*10*(XH10-10) *( 100/XH46) / 3+1/2 


x 


Maximum  dehydration  rate  in 


mm 

load 


x  100 


twm  2^  (me  %  -  10%)  water  removed  2000  lb 
load  x  2  X  100%  wm  X  T 


x 


1  hr 


x 


100% 


18000  lb  water  efficiency  % 


60  min 

x  — - -  x  100 

hr 


Note:  Manufacturer’s  rated  capacity  of  this  unit  is  18,000  lb  water 

per  hour  when  initial  moisture  content  of  the  material  is  greater  than 


or  equal  to  70%  (wb)  and  the  machine  is  uniformly  fed.  Efficiency 
ranges  from  50-80%,  according  to  Fortin  (20).  Some  maximum  figures 


110 


o 

are:  oil  consumption  of  180  gph,  apron  capacity  of  800  ft  and  feeder 

3 

rate  of  2375  ft  /hr.  Dehydration  calculations  are  based  on  a 
dehydrated  moisture  content  of  10%  (wb)  although  equilibrium  moisture 
content  usually  ranges  from  5  to  8%  (according  to  Richey  (104)). 

V55  =  X31*(100-XH10) *60000/ (X35*2375)+l/2 


Maximum  feeder  rate  in  77^-.  x  100  =  tWm 

load 


_  2 

load  X  2 


( 100%  -  me  %)  dm  2000  lb  60  min  , 

X  100%  wm  X  T  X  ~h^  X  100 

,1b  dm  2375  ft3, 

«-  ( - x  - — - ) 


ft 


hr 


V56  =  X52*X39*( 1000+XH38) *122/ (60000* 1000) +1/2 

hp-hr  of  electric  motors  on  dehydrator  unit 

i  j  10  j  u  j  min  100 

=  loads  x  —  x  max.  dehyd.  rate  - - -  x 

10  load  100 

1000%  +  %  rest  allowance  x  10  ,  1  hr 

X  - TnrCn°/ -  x  122  “P  x  7n - ~ 

1000%  60  min 


V57  = 


V56*7452*XH21/ 1000000+1/2 


Operating  cost  of  electric  motors  on  dehydrator  unit 


,  ,  7252  kw  c  100 

hp  hr  x  10000  hp  X  kwh  X  100 

V58  =  X5 2*X31*(XH 10-10) *180* 175* ( 100 /XH46) / 180000+1/ 2 

Operating  cost  of  oil  furnace  on  dehydration  unit 

10  twm  2  (me  %  -  10%)  water  2000  lb 

=  loads  x  x  7 - j  x  77  x  iaa°/  x  t 

10  load  2  100%  wm  l 


180  gal  C 

X  18000  lb  water  gal  fuel  oil  "  10  efficiency  % 


10 

X  7T  X 


100% 


Ill 


V60  = 


V61  = 


V62  = 


V63  = 


V64  = 


V65  = 


MH3(*16,X80)*X25*10/(1000+XH38)+l/2 


Standard  capacity  in  ^  x  1000  = 

hr 


ac 


hr-ft 


x  1000 


100 


100% 


x  ft  width  x  ~~  x  ( - —  .1U.W°. - 

100  1000%  +  rest  allowance  %  x  10) 

X31*(100-XH10) *300000/ (X47*X2 8) +1/2 

Standard  loading  time  in  x  100  =  — -m—  x  — 

load  load  2 


(100%  -  me  %)  dm  60  min  ,tdm  10  ac  1000, 

x  - ; -  x  — : -  x  100  -t-  (—77  x  —  x  —  x  — ) 


100%  wm 


hr 


ac  10  hr  1000' 


( (X35+X3 4+X38) /X89-(X46+X32) ) /100+1/2 

Delays  in  minutes  per  load  for  the  forage  harvester  when 
the  maximum  number  of  transporting  units  is  utilized 


=  [ 


(travelling  +  manoeuvering  +  unloading) 


mm 

load 


x  100 


no.  of  transporting  units 

min 


-  (loading  -  hitching  -  unhitching) 


load 


x  100]  +  100 


( X4  6+X3  2 - ( X3  5+X3  4+X3  8 ) ) /100+1/2 

Delays  for  one  transporting  unit  in  minutes  per  load 


=  (loading  +  hitching  =  unhitching  -  (travelling  +  manoeuvering  + 


N,min  100 
unloading)  )- - ,  x 


load 


100 


(X35+X34+X38) / (X46+X32)+l 


The  number  of  transporting  units  required  if  not  one  or 

travelling  +  manoeuvering  +  unloading  time 


the  maximum  = 


loading  +  hitching  -  unhitching  time 


X81*60/(X40+(X46+X32)/100)+l/2 


hr  60  min  ,  ,  ,  .  min  / , _ ^ „  , 

Loads  per  day  =  ~ —  x  77  -t-  (delays  in  n _ ,  +  (loading  + 


day 


hr 
min 


load 


1  •  \  mx  11 

hitching  -  unhitching) x 


100 

100 
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V66 


V67 


V68 


V69 


V70 


V71 


X92*X31*( 100-XH10) / (20*X47)+l/2 


Acres  per  day 


*  ( 


tdm 

ac 


xIo) 


lQads  x  twm  2  ,100%  -  me  %)  dm 

day  load  2  X  ^  100%  win 


X17+X84*X86*1000 


New  maturity  loss  in  ac— %  x  1000  for  bad  weather  periods 

=  old  ac-%  x  1000  +  days  x  ac  left  x  ~r^-  x  1000 

day 

X17+1000* (X86-X93) 

New  maturity  loss  in  ac-%  x  100  for  a  good  day 
=  old  ac-%  x  100  4-  1000  x  x  1  day  x  (ac  left  -  ac 
possible  that  day) 

( (X17 / 1000) -X85*X86) *X47 / 100+1/2 


Equivalent  maturity  loss  in  tdm  x  10  for  acres  harvested 
only  =  (total  ac-%  x  7^^  -  days  x  -r~  x  acres  left) 


1000 


day 


tdm  1 

x  -  x  10  x 


ac 


100% 


X49*(XH8*X1+XH9*X2*2) / 10000+1/ 2 
Maturity  loss  in  cents  =  tdm  loss  x 


10 

10 


1  kth 


2000  lb 


,%  dp  x  10  C  kcal  C  ^ 

K  1000%  dm  X  tdp  lb  dm  X  kth  X  x  T  ; 

10  kcal 

(XH15-(X86*(100-X85) /100) ) *X47*X118/5+l/2 
Total  digestible  protein  stored  in  lb 


,  .  ,  ,  100%  -  %  maturity  loss.. 

=  (acres  -  (acres  unharvested  x  - 100% - - '' 


tdm  10  %  dp  x  10  2000  lb 

x  10  x  1000%  x  T 
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V72  =  X86*X47*( 100-X85) *(XH8*X1+H9*X2X@) / 1000000+1/2 

Losses  in  cents  due  to  unharvested  material 


=  ac 


1  f  txlm  10  .100%  -  %  maturity  loss, 

X  ac  X  10  X  k  100 %  ) 


..  A  dp  x  10  c  ,  kcal  c  1  kth  2000  lb, 

X  (  1000%  dm  x  td^  +  ~TtT  x  kth  X  ZJ,~~  X  ~T - > 

10  kcal 

V73  =  FN6*V71/(XH8*2)+l/2 

Field  loss  in  tdm  x  100  =  — --^-qq^1oSS  x  lb  dp  stored 

x  100  -  ( original  ^-x-  10  x  ^°-Q  Ab) 

.  original  100()%  dm  x  T  > 


V74  =  V73*(XH8*X1+XH9*X2*2) /100000+1/2 


Field  losses  in  cents  =  loss  in  tdm  x 


10 

10 


.%  dp  x  10  C  kcal  C  JL 

{  1000%  X  t dp  lb  X  kth  X  , „6 


kth  2000  lb 
—  x  — — - 


10  kcal 


V75  =  (XH15+X86) *X47*( 100-FN6) / 100+1/2 

tdm  stored  x  10  =  (total  acres  -  acres  left) 


tdm  10  100%  -  field  loss  % 

x  -  x  — -  x  - 


ac  10 


100% 


V76  =  V 7 13 *200/  (  ( 100-XH10)  *X31)+l/2 


Total  loads  x  10  =  tdm  stored  x  10 


100%  wm 


,  twin  2, 

A  (100%  -  me  %)  dm  *  ( load  X 
V77  =  (X46-X32) *V76/1000+l/2 

Operating  time  in  minutes  of  forage  harvester 

,  .  ,  .  ,min  100  10 

=  (loading  +  hitching  -  unhitching)  x  -^qq  x  loads  x  — 

V78  =  (X40+(X46+X32) /100)  *V76 /10+1/2 

Standard  minutes  per  man 


,  min  100,  i  „  10 

=  (delays  min  +  loading  cycle  x  dQ0  X  ^oa°s  x  10 
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V81  =  X52*(x32+X34+X38) / 100+1/2 

V82  =  V81+X52*XH17*10*60*(l/XH84+l/XH83)+l/2 


Total  operating  minutes  of  truck  transport  units 
=  loads  x  (hitching  -  unhitching  +  manoeuvering  +  unloading) 


min 

load 


x 


100 

100 


,  ,  miles  one  way  60  min  , 

+  loads  x  - - - - - ^  x  — - -  x  ( 


10 


load 


hr 


"mph  x  10  empty 


V83  = 


+ 


10 


mpn  x  10  loaded 
X19*X20/ 100+1/2 


) 


Initial  cost  in  dollars  = 


£  2  C  1$ 

ft  area  x  — x 


ft' 


100c 


V84  =  X20* (X21/10+XH30+ l+X22)+l/2 

Per  annum  fixed  cost  in  cents 

,  ,  100  C  /  .  •  V  10  .  ,a/ 

=  $  initial  cost  x  — ^ —  x  (amortization  /  x  +  interest  4 

+  1%  insurance  +  %  repairs) / 100% 

V85  =  X57*10000/((100-XH10)*224)+l/2 

Building  length  required  in  lin  ft  x  10 


10 

=  tdm  stored  x  — -  x 


100%  wm 


100  lin  ft 
x  — — - x  10 


10  (100%  -  me  %)  dm  224  twm 


V86  =  X19*XH85*X20/1000+l/2 


10  C  1$ 
x  - -  x 


$  cost  =  width  in  ft  x  length  in  ft  x  .  ? 

ft 


100c 


V88  =  2*XH64*XH 85*3*5/10+1/ 2 

V89  =  ( X31*XH 10* 100000 / (XH49*X39) ) *(XH 85*55 / 100+15) *10+1/2 

V90  =  X41*130/(33000*XH57)+l/2 

2vL  W  F  xlO  +  Q(L  F  +H)xl0 
c  c  c  h  m 

Electric  hp  x  10  =  33000 


13  100% 

X  10  X  efficiency  % 

as  used  in  the  Materials  Handling  Manual  (24),  where 
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V91 


V92 

V93 


V94 


v  -  speed  of  conveyor  (fpm) 

~  horizontal  projected  length  of  conveyor  (ft) 

Wc  =  weight  of  flights  and  chain  (lb  /ft) 

—  coefficient  of  friction  for  chains  and  flights 
Q  =  quantity  of  material  to  be  handled  (lb /min) 

~  horizontal  projected  length  of  loaded  conveyor  (ft) 

H  =  height  of  lift  (ft) 

=  coefficient  of  friction  for  material  being  conveyed 
E  =  motor  efficiency  (60-80%) 

10%  added  for  friction  loss,  10%  added  for  loss  in  reduction 
gearing,  and  10%  added  for  surges. 

X57*(1004-XH 10) / 100+1/2 


Total  dehydrated  alfalfa  into  storage,  twm  x  10 


=  tdm  x  10  x 


(100%  4-  me  %)  wm 
100%  dm 


X39*X52*( 10004- XH38) /60000+1/2 

(V92*X101*XH2 1/1000000) *7452/10000+1/2 

Operating  cost  in  cents  of  chain  &  flight  elevator 

min  100  ,  ,  10  1000%  4-  rest  allowance  %  x  10 

=  I3id  x  Too  x  loads  x  To  x - iooo% - 


X 


1  hr 
60  min 


«  10 
X  hp  X  —  X 


X 


100 


X 


7452  kw 


kwh  100  10000  hp 


X90*  ( 100-XH49)  *210+6/  (800*135)4-1/2 


twm 


Dehydrated  alfalfa  unloading  rate  in  —  ^  x  10 

3 


twm 

hr 


x  10  x 


ft~  (100%  -  me  %)  dm  _  2 10  _  6  lb .  wm 

8  lb  dm  X  100%  wm  X  135  X  3 


Since  the  volume  of  a  regular  60"  manure  bucket  is  approximately  1/2 

3  3 

yd  and  this  bucket  holds  more  than  1/2  yd  of  high  moisture  silage 

during  horizontal-silo  unloading,  and  since  the  loading  time  for  a 
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scoop-full  of  chopped  hay  will  be  less  than  for  a  bucket-full  of  silage, 

let  the  horizontal  silo  unloading  rate  be  converted  to  ft  /hr  and 

multiplied  by  the  volume  ratio  to  become  the  approximate  loading  rate 

for  dehydrated  alfalfa  forage.  Choosing  a  low  density  for  chopped  hay 
3 

(6  lb /ft  used  by  Neubauer  &  Walker  (93))  compensates  somewhat  for 

the  possibility  of  longer,  flail-cut  forage. 

V96  =  X43*( (X57-X120) /X57) *X118/5+l/2 

Total  dp  fed  in  lb  (carrying  over  the  maturity  loss  figures) 

,  ,  ,  10  tdm  x  10  stored  -  tdm  x  10  maturity  loss 

=  tdm  fed  x  -rrr  x  - - - — - - - ^ - 

10  tdm  x  10  stored 

dp  %  x  10  2000  lb 

X  1000%  dm  X  T 


V97  =  X19*X20/(XH19*60)+l/2 

Per  annum  fixed  cost  in  cents  of  power  unit  attributable 
to  the  forage  enterprise 


hr 


,  1  /hr  60  min. 

=  min  x  total  annual  fixed  cost  C  *  (~  x  — — — ; 

V98  =  X19*X20/(*XH19*60)+l/2 


Per  annum  fixed  cost  in  cents  of  tractor(s)  on  transport 
or  packing  units  attributable  to  the  forage  enterprise 

/  hr 

=  min  x  total  annual  fixed  cost  C  (tractors  x  tractor_yr 


60  min. 


V99  =  (X118*Xl/(X118*Xl+X119*X2+2) ) *MX1( 1,57) *20/MXl( 1,23) 

Cost  in  dollars  per  ton  of  digestible  protein  fed 


1$ 


value  of  dp  per  unit  weight  C  total  annual  cost  x  lOOC 
total  value  per  unit  weight 


lb  dp  fed  x 


IT 
2000  lb 


V100  =  X20*( 100-XH14) 

Cost  C  =  $  cost  x 


100%  -  %  salvage  value  __  100c 

A 


100% 


1$ 


. 
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V101 


V102 


V103 


X22*V8/100+l/2 


Repair  rate  in  cents  per  hour 


repair  rate 


in 


%  of  list 
100  hr 


X  $  cost  X 


lOOC 

1$ 


JL _ 

100% 


MXl(l,37)*Xlll/(XH81*60)+l/2 

Repair  costs  in  cents  for  transport  units  =  min.  x  total 

repair  rate  in  ~  *  (units  x  — ■ -  ■ml-n) 

nr  hr 


MXl(l,36)*Xlll/(X19*60)+l/2 


Repair  costs  for  packing  units  in  cents  =  min.  x  total 

repair  rate  in  *  (units  x  ™in) 

hr  hr  ' 


13.  GPSS  Variables  for  Wilted  Grass  Silage  and  Haylage 
VI  to  V16  are  the  same  as  given  in  section  1.2. 

V18  =  (X51*MX1(1,28)+X54*MX1(1,29))*X20*X81 

Custom  charges  in  cents  for  transport  trucks  or  tractors, 
assuming  units  are  hired  on  a  day  rate 

=  (transporting  units  (1st  cut)  x  days  to  harvest  (1st  cut) 


+  transporting  units  (2nd  cut)  x  days  to  harvest  (2nd  cut)) 

-  u  .  C  hr 

x  custom  charges  in  —  x 


hr  day 


V19 


X19*X20/60+l/2 


Custom  unloading  cost  in  cents  =  unloading  time  in 


min.  x 


C  1  hr 

hr  X  60  min 


V20 

V21 


is  the  same  as  given  in  section  1.2. 
MH3(2,l)*MH7(2,*ll)*10/(1000+XH38)+l/2 


clC 

Raking  capacity  in  standard  :  x  1000 


ac 


100 


1000% 


hr-ft 


x  1000  x  width  in  ft  x  100  x  (1Q00%  +  rest  allowance  % 


x  10) 
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V22 


XH73*XH65*XH22*115/1000000+MH7(4, *11)4-1/2 


Operating  cost  of  tractor  on  rake  in  cents  per  hour 

=  pto  hp  x  — —  x  A.QQQ  x  C  10  115 

pto  hp-hr  1000  gal  10  100 


V23 


V24 


+  rake  repair  cost  in— 

hr 

MH3  ( *16 , 1)  *X105 *10 /  ( 1000+XH3 8)  +1/2 

Cutting  capacity  in  standard  ~  x  1000 

hr 

x  1000  x  width  in  ft  x  -r^r  x 


hr-ft 


1000% 


100  (1000%  +  rest  allowance  %  x  10) 


X106*XH65*XH22*115/1000000+X22+l/2 

Operating  cost  of  tractor  on  mower  in  cents  per  hour 


=  pto  hp  x 


gal 


_ 1000  _C_  10  115 

pto  hp-hr  1000  gal  X  10  X  100 


+  mower  repair  cost 


hr 


V25  to  V29  are  the  same  as  given  in  section  1.2. 

V30  =  X109*X108/6 0+1/2 

Operating  cost  in  cents  of  cutting  unit  = 

V32  to  V36  are  the  same  as  given  in  section  1.2. 


C  1  hr 

min  x  : —  x 


hr  60  min 


V37 


X3 1*XH 70 *300 /XH7 7+1/2 

Maximum  forage  blower  capacity  in 


mm 

load 


x  100 


twm  2  (100%  -  mc%)  dm  2000  lb 

3 - J  x  —  x  - 77^) -  x  - - -  x  100 

load  2  100%  wm  T 


( 4  lb  dm  lin.  ft  14  flights  ft  1000 

'  (  ft3  X  min  X  12  lin*  ft  X  flight  X  KHHT 


High  moisture  silage  at  a  2  foot  settled  depth  has  been  observed 

3 

to  have  a  density  of  about  4.2  lb  dm/ft  (96).  Therefore,  4  lb 

3 

dm/ft  is  used  here  as  an  approximation. 


■ 
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V39 


V40 


V41 


V42 


V43 

V44 

V45 

V46 


V47 


X52*X38*( 1000+XH38) /1000000+1/2 

Operating  minutes  of  forage  blower 

,  10  ,  min  100  (1000%  +  rest  allowance 

=  loads  x  —  x  unloading  - - r  x  x 


load  100 


x 


(1000%  +  rest  allowance  %  x  10) 

1000% 


V39 *X2 4*XH66 *X2 3*115 /( 60000*1000 )+V39*X22/60+l/2 

Operating  cost  in  cents  of  tractor  on  forage  blower 

gal  1000  c  10  115 

=  min  x  pto  hp  x  ^0~ p-.^-  x  Tooo  x  x  io  x  100 


1  hr 


60  min 


- - h  min  x  repair  cost 


C  1  hr 

hr  X  60  min 


X24*10*2/ 3+1/2 

Equivalent  electric  hp  x  10  = 


_ 2  electric _ 

pto  P  x  3  internal  combustion 


V39*X101*7452*XH21/( 100000*100)+! /2 


Operating  cost  in  cents  of  electric  motor  on  forage  blower 

.  ,  10  7452  kw  C  100 

-  mm  x  electric  hp  x  1Q  x  10000  hp  x  kwh  x  100 


2 *XH65*FN27 *3*5/ 10+1/2 

(X31*2000*50/X38) *( (FN27+FN19/2) *FN12/100*FN15) *10 
X41*130/(33000*XH57)+l/2 

See  V88  to  V90  in  section  1.2  for  an  explanation. 

X41*3/ 20+1/ 2 

,  .  ,  10 

Equivalent  gasoline  engine  hp  -  electric  hp  x 

3  gasoline  engine  hp 

X  2  electric  motor  hp 

V39*X102*XH65*XH22 *115/ (60000 *1000) +1/2 

Operating  costs  in  cents  of  gasoline  engine  on  chain-&- 
flight  conveyor 

gal  1000  _C_  v  10  115  J,.hr_ 

=  min  x  hp  x  h"_j~  x  1000  x  gal  10  100  60  min 


120 


V48 


V49 


V50 


V51 


V52 


V53 


X57*( 100-FN6) /100+1/2 

tdm  stored  x  10  -  tdm  harvested  x  10 

-  (100%  -  field  loss  %)/100% 

X57/(FN13*XH37)+l/2 

Number  of  silos  required  =  tdm  stored  x  10 
tdm  silo  fillings 


fr  (tt 


X 


10) 


wsilo  filling  year 

X19*FN15*350*(X21/10+XH30+XH31/10) /100 

Cost  in  cents  of  blower  pipe  =  silos  x  — e— -  °.f  ■..b.A(lwer  P^-P*3 

silo 

350c  ,  10 

X  foot  of  blower  pipe  x  (amortization  %  x  —  +  interest  % 

+  insurance  %  x  -j^) /100% 

(MX2 ( 7 , 10)+MX2 (7,11) *X18/ 100+1 /2 

0  0  /  f  t 

Cost  per  unloader  in  dollars  =  (cost  — 

unit  unit 


x  silo  diameter  in  ft)  x 


1C 

100c 


X19 *V51*(X21 /10+XH30+XH3 1 / 10+12 / 10) +1 /2 


Per  annum  storage  cost  in  cents 

$  100c 


=  unloaders  x 


10 


..  .  x  — r-r—  x  (amortization  %  x  — 

unloader  1$  10 


+  interest  %  +  insurance  %  x  —  +  repairs  %  x  ~)/100% 
(X57-X120)*X42*(X118*X1+X119*X2*2) /1000000+1/2 


Storage  loss  in  cents  = 


tdm  stored  x  10  maturity  loss  tdm  > 


x 


%  storage  loss  .dp  %  x  10  C 

i  r.  o/  i  X(.  t  X  t  r 


100%  dm 


1000% 


10 

kcal  C 
tdp’  lb  X  kth 


1  kth  2000  lb, 
X  — j -  x  — - ) 

10  kcal 


10 


V54 
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V55 


X57*(100-X42) /(100-XH10)+l/2 

twm  to  unload  x  10  =  tdm  stored  x  10 

v  100%  -  %  storage  loss  100%  wm 

100%  x  (100%  -  me  %)  dm 

X43*7452*XH21/(XH60*1000000)+l/2 

Operating  cost  in  cents  of  silo  unloader(s) 


=  twm  to  unload  x  10 


7452  kw  c 
10000  hp  X  kwh 


100 

X  100  * 


.  twm 
hr 


x  10) 


V56 


( 100-X42) *X43*( 100-XH10) / 10000+1/2 


.  j  c  j  ,A  100%  -  %  storage  loss 

tdm  fed  x  10  =  - 100% — ° -  X  twm  to  un-*-oa<^ 


x  10  x 


(100%  -  me  %) dm 
100%  wm 


V60 


X31*( 100-XH10) *30000/ (X4  7*X28)+l/2 


Standard  loading  time  in 


min 

load 


x  100 


twm  2  (100%  -  me  %)dm  60  min 

x  —  x  - .  -  -  - - -  x 


load  2 


100%  wm 


hr 


.tdm  10  ac  1000. 

•  x  To  x  h7  x  Iooo) 


V61  is  the  same  as  V62  in  section  1.2 
V62  is  the  same  as  V63  in  section  1.2 


V63  is  the  same  as  V64  in  section  1.2 


V64  is  the  same  as  V65  in  section  1.2 


V65  is  the  same  as  V66  in  section  1.2  . 

V67  to  V78  are  the  same  as  given  in  section  1.2  . 
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V79 


(XH15-X86) *60000/X10 7+1/2 
Minutes  cutting  =  (total  ac 


-  unharvested  ac)  x 


60  min 
hr 


V80 


,ac  1000. 

*  x  Tooo) 


(XH15-X86) *60000/X77+l/2 


Minutes  raking  -  (total  ac  -  unharvested  ac)  x 


60  min 
hr 


,ac  1000. 

*  (h7  x  Tooo> 


V81  and  V82  are  the  same  as  given  in  section  1.2 
V83  =  X19  *FN15*350/100+l/2 


V90 


V91 


Cost  in  dollars  of  blower  pipe  =  silos  x  P^P6 

silo 


350c  1$ 

x  — — —  x 


ft 


100c 


FN16*X57/(FN13*XH37)+l/2 

Per  annum  fixed  cost  in  cents  of  storage  facilities 


=  p  .  a.  f .  c. 


silo 


x  tdm  stored  x  10  t  ( — ; 


tdm 


silo  filling 


x  iiilisa®  x  10) 

year 


4*X49*XH64*36/ ( 1400*( 100-XH10) )+l/2 


Chain  &  flight  conveyor  capacity  in 


twm 

hr 


x  10 


4  lb  dm  ft  1000  lin.  ft  12  flights 
^3  X  flight  X  1000  X  min  X  14  lin.  ft 


60  min  IT 
x  — : -  x  x 


100%  mw 


hr 


2000  lb  (100%  -  me  %)dm 


x  10 


V92  and  V93  are  similar  to  V88  and  V89  described  in  section  1.2. 
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V94  =  X43*7452*X101*XH21/(XH60*10000*100)+X43*X22/XH60+l/2 

Operating  cost  in  cents  of  electric  motor  on  chain-&- 
flight  conveyor 


„  _  ,  ,  10 
=  twm  to  unload  x  —  x 


7452  kw 
10000  hp 


x  hp 


10  C 
10  X  kwh 


100  .twm  10.  .  ,  10 

x  (— r —  x  — )  +  twm  to  unload  x  —  x 

hr  10  in 


100 


10 


_  .  C  .twm  10. 

repair  cost  in  —  *  (— —  x  — ) 

hr  hr  10 


V96  to  V102  are  the  same  as  given  in  section  1.2 


APPENDIX  J 


CONSIDERATIONS  OF  ALTERNATIVE 
METHODS  AND  MACHINERY 

Jl.  Alternative  Forms  of  Forage 

Although  not  all  forms  of  forage  were  compared  in  this  cost- 
benefit  simulation,  the  following  table  summarizes  some  of  the 
factors  to  be  taken  into  acocunt  when  attempting  to  pinpoint  the 
optimum  system.  The  following  table  is  not  all-inclusive  but 
does  cover  most  items  of  concern.  References  to  articles  by 
Hundtoft  (61),  Hundtoft  and  Guest  (62)  and  Zimmerman  (128-132) 
were  made  to  underline  the  fact  that  many  of  these  considerations 
are  not  peculiar  to  the  Edmonton  area. 

J2.  Alternative  Types  of  Equipment 

Table  J2  summarizes  many  of  the  pros  and  cons  relating  to 
particular  types  of  forage  handling  equipment.  These  items  of 
machinery  are  used  as  components  in  procedures  mentioned  in 
Table  Jl,  but  have  not  necessarily  been  used  in  the  two  programs 
run  in  this  cost-benefit  analysis.  Note  that  some  of  the  points 
labelled  "considerations"  may  not  be  disadvantageous  in  a  particular 
farming  situation  but  will  prove  to  be  limiting  factors  in  the 


average  one. 
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TABLE  Jl.  EVALUATION  OF  ALTERNATIVE  FORAGE  FEEDSTUFFS 
Form  of  Forage  Advantages  Considerations 


Green 


chop 


ab 


Iligh-moisture  si- 

.  ab 
lage 


Wilted  silage 


ab 


Haylage 


ab 


1.  Fresh  material  for 
each  day 

2.  Material  can  be  fed 
mechanically  or  self- 
fed 

3.  Most  intensive  pas¬ 
turing 

1.  No  curing  period 
required 

2.  Can  be  fed  mechanic¬ 
ally  or  self-fed 
directly  from  storage 


1.  Can  be  fed  mechani¬ 
cally 

2.  Limited  weather  risk 

3.  Less  objectionable 
odour 

1.  Can  be  fed  mechani¬ 
cally 

2.  Less  moisture  handled 

3.  Reduced  freezing  pro¬ 
blem 

4 .  May  provide  adequate 
protein 

5.  More  palatable  than 
hay 

6.  Potentially  low  total 
loss 


1.  Daily  job  regardless 
of  weather 

2.  Failure  to  harvest 
entire  crop  at  its 
maximum  feeding 
value  per  acre 

1.  Low  palatability 

2.  Considerable  seepage 
loss  and  mess 

3.  Faster  silo  deterior¬ 
ation 

4.  Silage  freezing 

5 .  Odour 

1.  Short  chopping 

required  to  prevent 
knitting  of  feed  and 
consequent  unloading 
difficulties 

1.  Critical  emphasis  on 
management  unless  a 
high-cost  sealed 
storage  unit  is  used 

2.  Greater  power  require¬ 
ments  for  chopping 
and  for  filling  silo 

3.  Rapid  dulling  of 
chopper  knives 

4.  Periodical  removal 

of  gum  residues  from 
equipment  is  required 

5.  Higher  field  losses 
and  extended  weather 
risk 

6.  Roof  required  on 
transport  units 
following  chopper 

7.  Short  chopping 
required  to  prevent 
knitting  of  feed  and 
consequent  unloading 
difficulties 


■ 
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TABLE  Jl.  (continued) 

Form  of  Forage  Advantages  Considerations 


Chopped  hay 

1. 

Adaptability  to  self¬ 
feeding 

1.  High  field  losses 

2.  Dusty  due  to  pulver¬ 

2. 

Bulk  handling  and 
reduced  field  labour 

ized  leaves 

3.  Lower  palatability 
due  to  leaf-stem 
separation 

c 

Long  loose  hay 

1. 

High  overall  capacity 

1.  Heavy  leaf  losses 

2. 

Stack  storage  and 
reduced  labour 

2.  Increased  require¬ 
ment  for  storage 

3. 

Safe  storage  at  rela¬ 
tively  high  moistures 

space 

3.  Not  commercially 

4. 

Adaptability  to  self¬ 
feeding 

adapted 

4.  Resists  mechanized 
feeding 

Heat  cured  bales, 

1. 

Greater  nutrient 

1.  Capacity  limited  by 

,  .  ,  a 

retention 

the  number  of  wagons 

wagon  batch 

2. 

Reduced  weather  risk 

2.  Drier  costs  and 

3. 

Baled  the  day  it  is 
cut 

supervision 

Heat-cured  bales. 

1. 

Greater  nutrient 

1.  Requires  shed  adap¬ 

.  -  cL 

retention 

tation 

shed  batch 

2. 

Reduced  weather  risk 

2.  High  labour  require¬ 

3. 

Baled  the  day  it  is 
cut 

ment 

3.  Drier  costs  and 
supervision 

Random -handled , 

1. 

Low  labour  require¬ 

1.  Higher  storage  space 

ments 

requirement 

mow-finished  bales 

2. 

Reduced  weather  risk 

2.  Ducting  and  blower 
or  drier  required 

Random-handled , 

1. 

High  risk  of  weather 

1.  Higher  storage  space 

a 

damage 

requirement 

field-cured  bales 

2. 

Low  labour  require¬ 
ments  relative  to  other 
bale  systems 
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TABLE  Jl.  (continued) 

Form  of  Forage  Advantages 


Wafers  1.  Mechanized  feeding  1. 

2.  Lower  storage  space  2. 

requirements 

3.  Permits  bulk  handling 

3. 

4. 


Some  suggestions  taken  from  Hundtoft  and  Guest  (62) 
^See  Zimmerman  (131)  for  further  discussion. 

°See  Zimmerman  (132)  for  further  discussion. 


Considerations 


High  initial  cost 
Higher  power  require¬ 
ments  and  lower 
operating  capacity 
Requires  a  high  legume 
content  in  forage 
Package  failure 
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TABLE  J2 .  EVALUATION  OF  FORAGE -HANDLING  EQUIPMENT  ALTERNATIVES 


Item  of  Machinery 

Advantages 

Considerations 

Forage  harvester, 
flywheel- type 

cutterhead3 

1.  Attachment  versatility 

2.  Uniform  length  of  cut 

3.  Less  critical  adjust¬ 
ment 

4.  Inexpensive  knife 
replacement 

1.  High  power  require¬ 
ment 

2.  Somewhat  lower 
capacity 

3.  High  initial  cost 

Forage  harvester, 
cylinder-type 

cutterhead3 

1.  Greater  capacity 

2.  Higher  speed  of 
operation 

3.  Uniform  length  of  cut 

4.  Attachment  versatility 

1.  Greater  power  require 
ment 

2.  Costly  knife  replace¬ 
ment 

3.  High  initial  cost 

Forage  harvester, 
a 

flail-type 

1.  Low  initial  cost 

2.  Built-in  versatility 

3.  Simple  design  and 
operation 

4 .  Low  relative  power 
requirement 

1.  Higher  field  losses, 
higher  stubble 
height 

2.  Limited  row  crop  use 

3.  Non-uniform  length 
of  cut 

4.  Prone  to  foreign 
matter  damage 

Crushers  and 
be 

crimpers 

1.  Increased  drying  rate 
(more  pronounced  in 
legumes  than  in 
grasses) 

2.  Field  losses  reduced 
(if  practice  has  been 
to  rake  when  too  dry) 

1.  Greater  moisture 
pick-up  at  night 

2.  Matting  if  rained  on 

3.  Cannot  handle  wads 
effectively 

4.  Some  leaf  stripping 

Fluff ers  and 
tedders^ 

1.  Simple  low-cost 
machines 

2.  High  travel  speeds 

3.  Increased  swath 
aeration 

1.  Optimal  tedding 

moisture  content  is 
also  optimal  raking 
content  (i.e.,  about 
50%) 

2.  Only  influences  dry¬ 
ing  rate  when  hay  has 
been  rained  on 


3.  Crushers  and  crimpers 
with  roll  tension 
relieved  can  be  used 
for  the  same  purpose 


Side-delivery 

rake^ 


1.  High  leaf  loss 

2.  Trash  can  be  largely 
excluded 
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TABLE  J2.  (continued) 

Item  of  Machinery  Advantages  Considerations 


Parallel-bar  rake^ 

1.  Speed  of  impact 
between  teeth  and  hay 
is  about  25%  of  the 
above 

2.  Hay  moves  shorter 
distance,  therefore 
leaf  loss  reduced 

1.  Trash  can  be  largely 
excluded 

Wheel  rake^ 

1.  Low  cost,  simple 
design 

2.  Rakes  clean  even  on 
rough  terrain 

3.  High  speeds  possible 
with  contact  speed 
about  half  of  the 
above 

1.  Wind  deflectors 
required  on  windy 
days 

2.  Trash  cannot  be 
excluded 

.  b 

Drag  conveyor  rake 

1.  Hay  movement  minimized 

2.  Lighter  windrow 

3.  Can  be  used  to  scatter 
a  wet  windrow  into  a 
swath 

1.  Higher  contact  speeds 

Mul  ti-  tr  ea  tmen  t 

machines'3 

1.  ' Once-over’  reduces 
handling,  therefore 
losses 

1.  Deflectors  used  to 
form  windrow 

2.  Extended  drying  time 
in  some  cases 

Flail  choppers0 

1.  Versatility 

2.  Faster  drying  than 
mowed-crushed  hay 

3.  Effective  in  heavy, 
lodged  or  tangled 
crops 

1.  Increased  stubble 
height 

2.  Matting  after  rain 

3.  Losses  increased 
since  leaves  and 
chopped  material 
not  picked  up  by  the 
rake 

Flail  mowers'3 

1.  Losses  likely  low  if 
no  movement  of  wind¬ 
row  required 

2.  Versatility 

1.  Higher  stubble 

2.  Increased  leaf  and 
clipping  losses 

3.  Higher  power  require¬ 
ment 

_  b 

Rotary  mowers 

1.  Compact  uniform 
windrow 

2.  Losses  likely  low  if 
no  movement  of  wind¬ 
row  required 

3.  Versatility 

1.  Better  performance  as 
dryness  of  standing 
crop  and  field 
increases 

2.  Tractor  wheels 
depress  standing  crop 
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TABLE  J2.  (continued) 


Item  of  Machinery 

Advantages 

Considerations 

Self-propelled 
windrower  plus 

conditioner^0 

1.  High  field  capacity 

2.  Uniform  windrow 

3.  Reduced  leaf  loss  even 
if  turned 

4.  Lodged  hay  is  more 
easily  cut 

5.  Trash  in  the  hay  is 
eliminated 

6.  Hay  is  air-cured, 
therefore  bleaching  is 
reduced 

1.  Higher  stubble 

2.  High  initial  cost 

3.  Longer  curing  time 

C 

Bale  loader 

1.  Postpones  handling 

1.  Added  expense 

2.  Field  travel 
increased 

Self-propelled  bale 
c 

wagon 

1.  Multi-functional 

2.  Postpones  bale 
handling 

1.  High  initial  cost 

2.  Ground-level 
storage  only 

(2 

Bale  accumulator 

1.  Bulk  handling 

2.  Reduced  field  travel 

1.  Extra  power  required 

q 

Bale  thrower 

1.  Part  of  a  system 

2.  Reduced  handling  costs 

1.  Increased  twine 
requirement 

2.  Wagon  and  storage 
space  lost 

See  Zimmerman  ( 131)  for  further  discussion. 

^See  Hundtoft  (61)  for  further  discussion, 
c 

‘•'»See  Zimmerman  (128)  for  further  discussion. 


APPENDIX  K 


RANKED  OUTPUT  OF  SIMULATED  SYSTEMS 

The  results  of  the  simulation  programs  were  first  grouped 
according  to  the  type  of  field  machinery  used  during  harvesting  and 
then,  within  each  group,  the  individual  machinery  systems  were  ranked 
in  ascending  order  of  cost  per  ton  of  digestible  protein  fed. 
Subsequently,  these  systems  were  ranked,  by  group,  in  ascending  order 
of  lowest  cost  per  ton  of  digestible  protein  fed. 

Note  that  the  total  cost  was  charged  proportionately  to  protein 
and  energy.  Therefore,  although  the  forage  was  considered  as  a  source 
of  both  protein  and  energy,  systems  were  ranked  on  the  basis  of  protein 
cos  t . 

The  ranked  results  of  the  simulation  are  given  in  tables  K1  and 
K3  for  200  acres  and  in  tables  K2  and  K4  for  300  acres  of  forage.  The 
list  of  nodes  given  for  any  one  simulated  system  includes  only  those 
nodes  met  enroute  that  uniquely  define  the  system.  These  node  numbers 
relate  to  figures  5,  6  and  21.  For  purposes  of  comparison,  the  total 
cost  figure  is  given  as  cost  per  ton  of  dry  matter  fed.  Note  that  a 
slightly  higher  cost  per  ton  of  dry  matter  does  not  always  mean 
increased  cost  per  ton  of  digestible  protein  fed. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 


FORAGE  HANDLING  SYSTEMS  SIMULATED  FOR  200  ACRES  - 
DIRECT-CUT  HARVESTING. 


K2 


Network  Nodes 

22,52,73,42,82,89 

22,52,73,42,82,105 

22,52,73,42,82,105 

22,52,73,42,82,105 

22,52,73,42,82,89 

22,52,73,42,82,105 

22.52.73.42.82.105 

22,52,73,42,82,89 

22,52,73,42,82,89 

22.52.73.42.82.89 

22,52,73,42,82,111 

22,52,73,42,82,111 

22,52,73,42,82,111 

22.52.73.42.82.111 

22.52.74.42.82.105 

22,52,74,42,82,105 

22,52,74,42,82,105 

22.52.74.42.82.89 

22.52.74.42.82.105 

22.52.74.42.82.111 

22,52,74,42,82,111 

22,52,74,42,82,111 

22.52.74.42.82.111 

23.52.73.42.82.105 

23,52,73,42,82,105 

23,52,73,42,82,105 

23.52.73.42.82.89 

23.52.73.42.82.105 

23.52.71.42.83.105 

23,52,71,42,83,105 

23.52.71.42.83.105 

23.52.71.42.83.89 

23.52.71.42.83.111 

23,52,71,42,83,111 

23.52.71.42.83.111 

21.52.72.42.82.105 

21,52,72,42,82,105 

21.52.72.42.82.89 

21.52.72.42.82.111 

21,52,72,42,82,89 

21,52,72,42,82,89 


Total  cost  (nearest  $) 
$/T  DP  Fed  $/T  DM  Fed 


100. 

24. 

117. 

28. 

118. 

28. 

123. 

29. 

125. 

31. 

131. 

30. 

133. 

31. 

140. 

33. 

143. 

33. 

146. 

34. 

197. 

47. 

213. 

51. 

214. 

52. 

221. 

52. 

101. 

25. 

126. 

30. 

136. 

32. 

139. 

32. 

140. 

34. 

212. 

51. 

223. 

52. 

240. 

58. 

299. 

71. 

101. 

24. 

106. 

26. 

119. 

29. 

127. 

30. 

132. 

32. 

104. 

25. 

125. 

30. 

137. 

30. 

227. 

53. 

245. 

56. 

252. 

60. 

269. 

63. 

105. 

25. 

128. 

30. 

171. 

40. 

233. 

54. 

236. 

55. 

254. 

58. 

■ 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 
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(continued) 


Network  Nodes 

21,52,72,42,82,111 

21.52.72.42.82.111 

21,52,72,42,83,105 

21,52,72,42,83 ,105 

21,52,72,42,83,105 

21.52.72.42.83.105 

21,52,72,42,83,89 

21.52.72.42.83.111 

21,52,72,42,83,111 

21.52.72.42.83.111 

21.52.72.42.83.89 

22.52.74.42.83.89 

22,52,74,42,83,89 

22,52,74,42,83,89 

22,52,74,42,83,89 

22.52.74.42.83.89 

22.52.74.42.83.111 

22,52,74,42,83,111 

22,52,74,42,83,111 

22.52.74.42.83.111 

23.52.73.42.83.89 

23.52.73.42.83.105 

23,52,73,42,83,89 

23.52.73.42.83.89 

23,52,73,42,83,105 

23.52.73.42.83.105 

23.52.73.42.83.111 

23,52,73,42,83,111 

23.52.73.42.83.111 

23.52.72.42.82.105 

23.52.72.42.82.105 

23.52.72.42.82.89 

23.52.72.42.82.111 

22.52.73.42.83.89 

22.52.73.42.83.89 

22.52.73.42.83.105 

22.52.73.42.83.111 

22,52,73,42,83,111 

22,52,73,42,83,111 

22,52,73,42,83,111 

23.52.74.42.82.105 

23.52.74.42.82.89 

23,52,74,42,82,105 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


276. 

65. 

325. 

75. 

107. 

25. 

107. 

25. 

118. 

27. 

126. 

29. 

210. 

48. 

262. 

61. 

302. 

70. 

311. 

73. 

346. 

81. 

109. 

26. 

124. 

28. 

126. 

30. 

144. 

35. 

156. 

36. 

226. 

53. 

288. 

69. 

300. 

71. 

359. 

84. 

109. 

26. 

115. 

28. 

121. 

29. 

122. 

30. 

124. 

29. 

127. 

31. 

227. 

54. 

228. 

54. 

383. 

• 

o 

oo 

109. 

26. 

129. 

30. 

187. 

44. 

250. 

56. 

111. 

27. 

131. 

31. 

137. 

33. 

205. 

50. 

222. 

52. 

254. 

60. 

261. 

63. 

113. 

27. 

113. 

27. 

113. 

27. 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 
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( continued) 


Network  Nodes 

23,52,74,42,82,89 

23,52,74,42,82,89 

23,52,74,42,82,105 

23,52,74,42,82,105 

23.52.74.42.82.105 

23.52.74.42.82.89 

21.52.74.42.83.105 

21.52.74.42.83.89 

21,52,74,42,83,89 

21,52,74,42,83,89 

21.52.74.42.83.89 

21,52,74,42,83,111 

21.52.74.42.83.111 

23.52.71.42.82.105 

23.52.71.42.82.105 

23.52.71.42.82.89 

23.52.71.42.82.111 

23,52,71,42,82,111 

23,52,71,42,82,89 

23,52,71,42,82,89 

23.52.71.42.82.89 

23.52.71.42.82.111 

23.52.72.42.83.105 

23.52.72.42.83.105 

23.52.72.42.83.89 

23,52,72,42,83,89 

23.52.72.42.83.111 

23.52.72.42.83.89 

21.52.73.42.83.105 

21,52,73,42,83,105 

21.52.73.42.83.89 

21.52.73.42.83.89 

21.52.73.42.83.105 

21.52.73.42.83.111 

21,52,73,42,83,111 

23.52.74.42.83.105 

23,52,74,42,83,105 

23.52.74.42.83.89 

23,52,74,42,83,89 

23,52,74,42,83,89 

23,52,74,42,83,105 

23,52,74,42,83,89 


Total  cost  (nearest  $) 
$/T  DP  Fed  $/T  DM  Fed 


127. 

30. 

129. 

31. 

130. 

31. 

132. 

31. 

133. 

32. 

151. 

35. 

114. 

27. 

122. 

29. 

130. 

31. 

150. 

35. 

167. 

36. 

225. 

54. 

302. 

70. 

117. 

28. 

127. 

30. 

185. 

45. 

233. 

53. 

260. 

62. 

275. 

65. 

280. 

66 . 

287. 

69. 

315. 

75. 

118. 

28. 

126. 

30. 

207. 

49. 

242. 

57. 

285. 

67. 

346. 

79. 

118. 

28. 

125. 

30. 

130. 

31. 

131. 

30. 

141. 

34. 

205. 

47. 

233. 

56. 

119. 

29. 

122. 

29. 

126. 

30. 

127. 

31. 

134. 

32. 

135. 

32. 

137. 

30. 
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TABLE  Kl.  (continued) 


Machinery 

System 

Number 

Network  Nodes 

Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 

127 

23,52,74,42,83,105 

142. 

33. 

128 

23,52,74,42,83,89 

148. 

35. 

129 

23,52,74,42,83,111 

255. 

61. 

130 

21,52,73,42,82,89 

120. 

29. 

131 

21,52,73,42,82,105 

124. 

28. 

132 

21,52,73,42,82,105 

129. 

29. 

133 

21,52,73,42,82,105 

141. 

31. 

134 

21,52,73,42,82,89 

146. 

34. 

135 

21,52,73,42,82,111 

339. 

80. 

136 

22,52,71,42,83,105 

123. 

29. 

137 

22,52,71,42,83,105 

136. 

32. 

138 

22,52,71,42,83,105 

139. 

32. 

139 

22,52,71,42,83,111 

163. 

39. 

140 

22,52,71,42,83,111 

175. 

42. 

141 

22,52,71,42,83,111 

229. 

53. 

142 

22,52,71,42,83,89 

280. 

64. 

143 

21,52,74,42,82,105 

124. 

30. 

144 

21,52,74,42,82,89 

134. 

30. 

145 

21,52,74,42,82,89 

144. 

33. 

146 

21,52,74,42,82,111 

249. 

59. 

147 

21,52,74,42,82,111 

267. 

62. 

148 

22,52,72,42,83,105 

125. 

30. 

149 

22,52,72,42,83,89 

208. 

50. 

150 

22,52,72,42,83,111 

393. 

88. 

151 

22,52,72,42,82,105 

125. 

29. 

152 

22,52,72,42,82,89 

198. 

47. 

153 

22,52,72,42,82,111 

203. 

48. 

154 

22,52,72,42,82,111 

233. 

53. 

155 

22,52,72,42,82,89 

262. 

62. 

156 

24,52,71,42,82,105 

128. 

31. 

157 

24,52,71,42,82,105 

135. 

32. 

158 

24,52,71,42,82,111 

252. 

59. 

159 

24,52,71,42,82,111 

262. 

63. 

160 

24,52,71,42,82,89 

267. 

64. 

161 

21,52,71,42,82,105 

129. 

30. 

162 

21,52,71,42,82,105 

129. 

30. 

163 

21,52,71,42,82,89 

249. 

58. 

164 

21,52,71,42,82,89 

279. 

61. 

165 

21,52,71,42,82,89 

304. 

68. 

K6 


TABLE  Kl. 

(continued) 

Machinery 

System 

Total  cost 

(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

166 

21,51,72,42,82,105 

129. 

30. 

167 

21,51,72,42,82,89 

219. 

52. 

168 

21,51,72,42,82,89 

224. 

52. 

169 

21,51,72,42,82,89 

248. 

56. 

170 

21,51,72,42,82,111 

259. 

60. 

171 

21,51,72,42,82,89 

291. 

68. 

172 

21,51,72,42,82,111 

293. 

69. 

173 

21,51,72,42,82,89 

350. 

82. 

174 

21,51,72,42,82,111 

372. 

86. 

175 

21,51,72,42,82,89 

399. 

92. 

176 

21,51,71,42,83,105 

130. 

30. 

177 

21,51,71,42,83,105 

176. 

41. 

178 

21,51,71,42,83,89 

248. 

56. 

179 

21,51,71,42,83,111 

297. 

68. 

180 

21,51,71,42,83,89 

330. 

77. 

181 

24,52,71,42,83,105 

136. 

33. 

182 

24,52,71,42,83,105 

159. 

37. 

183 

24,52,71,42,83,105 

166. 

37. 

184 

24,52,71,42,83,105 

172. 

39. 

185 

24,52,71,42,83,89 

329. 

77. 

186 

24,52,71,42,83,89 

338. 

78. 

187 

24,52,71,42,83,89 

347. 

84. 

188 

24,52,74,42,83,89 

317. 

34. 

189 

24,52,74,42,83,89 

148. 

36. 

190 

24,52,74,42,83,105 

152. 

36. 

191 

24,52,74,42,83,105 

159. 

37. 

192 

24,52,74,42,83,105 

171. 

40. 

193 

24,52,74,42,83,89 

176. 

43. 

194 

24,52,74,42,83,111 

341. 

83. 

195 

24,52,72,42,82,105 

139. 

33. 

196 

24,52,72,42,82,111 

263. 

63. 

197 

24,52,72,42,82,111 

287. 

68. 

198 

24,52,72,42,82,89 

305. 

72. 

199 

24,52,72,42,82,111 

403. 

91. 

200 

22,51,72,42,83,105 

140. 

33. 

201 

22,51,72,42,83,105 

170. 

41. 

202 

22,51,72,42,83,111 

279  . 

66 . 

203 

22,51,72,42,83,111 

293. 

68. 

204 

22,51,72,42,83,111 

297. 

72. 

205 

22,51,72,42,83,89 

350. 

82. 

206 

22,51,72,42,83,111 

365. 

84 . 

207 

22,51,72,42,83,89 

400. 

93. 

K7 


TABLE  Kl.  (continued) 


Machinery 


System 

Total  cost 

(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

208 

22,51,71,42,83,105 

142. 

33. 

209 

22,51,71,42,83,105 

192. 

45. 

210 

22,51,71,42,83,111 

295. 

71. 

211 

22,51,71,42,83,89 

313. 

75. 

212 

22,51,71,42,83,89 

326. 

76. 

213 

22,51,73,42,83,105 

142. 

35. 

214 

22,51,73,42,83,89 

151. 

37. 

215 

22,51,73,42,83,89 

190. 

45. 

216 

22,51,71,42,82,105 

142. 

34. 

217 

22,51,71,42,82,105 

151. 

35. 

218 

22,51,71,42,82,105 

199. 

47. 

219 

22,51,71,42,82,111 

280. 

65. 

220 

22,51,71,42,82,89 

328. 

79. 

221 

22,51,71,42,82,89 

424. 

102. 

222 

23,51,72,42,83,105 

143. 

34. 

223 

23,51,72,42,83,105 

152. 

36. 

224 

23,51,72,42,83,105 

177. 

42. 

225 

23,51,72,42,83,111 

250. 

60. 

226 

23,51,72,42,83,111 

262. 

63. 

227 

23,51,72,42,83,111 

263. 

61. 

228 

23,51,72,42,83,111 

272. 

64. 

229 

23,51,72,42,83,89 

288. 

67. 

230 

23,51,72,42,83,111 

289. 

70. 

231 

23,51,72,42,83,111 

366. 

87. 

232 

23,51,72,42,83,111 

385. 

91. 

233 

23,51,72,42,83,111 

447. 

107. 

234 

22,51,72,42,82,105 

143. 

34. 

235 

22,51,72,42,82,105 

168. 

40. 

236 

22,51,72,42,82,89 

273. 

65. 

237 

22,51,72,42,82,89 

343. 

82. 

238 

22,51,72,42,82,89 

353. 

84. 

239 

23,51,74,42,83,89 

144. 

35. 

240 

23,51,74,42,83,89 

157. 

37. 

241 

23,51,74,42,83,111 

396. 

93. 

242 

24,52,74,42,82,105 

148. 

36. 

243 

24,52,74,42,82,105 

152. 

37. 

244 

24,52,74,42,82,89 

154. 

38. 

245 

24,52,74,42,82,105 

174. 

41. 

246 

24,52,74,42,82,89 

176. 

41. 

247 

24,52,74,42,82,111 

410. 

99. 

, 

248 

249 

250 

251 

252 

253 

254 

255 

256 

257 

258 

259 

260 

261 

262 

263 

264 

265 

266 

267 

268 

269 

270 

271 

272 

273 

274 

275 

276 

277 

278 

279 

280 

281 

282 

283 

284 

285 

286 

287 


K8 


(continued) 


Network  Nodes 

24.52.72.42.83.105 

24.52.72.42.83.89 

24,52,72,42,83,111 

24,52,72,42,83,111 

24.52.72.42.83.111 

23.51.72.42.82.105 

23.51.72.42.82.105 

23.51.72.42.82.89 

23.51.72.42.82.111 

23,51,72,42,82,111 

23,51,72,42,82,111 

23.51.72.42.82.111 

22.51.73.42.82.105 

22.51.73.42.82.89 

22,51,73,42,82,89 

22.51.73.42.82.105 

22,51,73,42,82,89 

22.51.73.42.82.89 

22.51.73.42.82.111 

21.51.73.42.82.89 

21.51.73.42.82.89 

21.51.73.42.82.105 

21.51.73.42.82.111 

21,51,73,42,82,111 

21,51,73,42,82,111 

21.51.73.42.82.111 

21.51.74.42.82.105 

21,51,74,42,82,105 

21.51.74.42.82.89 

21,51,74,42,82,105 

21.51.74.42.82.105 

21.51.74.42.82.89 

21.51.74.42.82.111 

21,51,74,42,82,111 

21.51.74.42.82.111 

23.51.71.42.82.105 

23,51,71,42,82,105 

23,51,71,42,82,105 

23.51.71.42.82.89 

23,51,71,42,82,89 

23.51.71.42.82.111 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


151. 

36. 

213. 

51. 

280. 

66 . 

340. 

79. 

363. 

86. 

151. 

36. 

159. 

38. 

208. 

50. 

224. 

53. 

243. 

58. 

329. 

78. 

360. 

86. 

152. 

37. 

178. 

43. 

194. 

46. 

196. 

48. 

202. 

49. 

222. 

52. 

336. 

75. 

154. 

36. 

171. 

39. 

180. 

42. 

314. 

74. 

331. 

79. 

429. 

102. 

435. 

101. 

155. 

37. 

169. 

40. 

174. 

41. 

184. 

42. 

187. 

44. 

189. 

44. 

250. 

58. 

253. 

59. 

273. 

65. 

157. 

38. 

177. 

43. 

181. 

41. 

277  . 

63. 

281. 

67. 

289. 

69. 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

305 

306 

307 

308 

309 

310 

311 

312 

313 

314 

315 

316 

317 

318 

319 

320 

321 

322 

323 

324 

325 

326 

327 

328 

329 


K9 


(continued) 


Network  Nodes 

23.51.71.42.82.89 

23.51.71.42.82.111 

24.52.73.42.82.89 

24.52.73.42.82.89 

24.52.73.42.82.111 

22.51.74.42.82.89 

22,51,74,42,82,89 

22,51,74,42,82,89 

22.51.74.42.82.105 

22.51.74.42.82.89 

22.51.74.42.82.111 

22,51,74,42,82,111 

22.51.74.42.82.111 

23.51.74.42.82.105 

23.51.74.42.82.89 

23,51,74,42,82,105 

23.51.74.42.82.105 

23.51.74.42.82.111 

24.52.73.42.83.89 

24.52.73.42.83.105 

24,52,73,42,83,105 

24.52.73.42.83.105 

24.52.73.42.83.111 

24,52,73,42,83,111 

24.52.73.42.83.111 

21.51.72.42.83.105 

21,51,72,42,83,105 

21,51,72,42,83,105 

21.51.72.42.83.105 

21.51.72.42.83.111 

21.51.72.42.83.111 

23.51.73.42.82.105 

23.51.73.42.82.105 

23.51.73.42.82.89 

23.51.73.42.82.111 

23,51,73,42,82,111 

23,51,73,42,82,111 

23,51,73,42,82,111 

24.51.72.42.82.105 

24.51.72.42.82.89 

24,51,72,42,82,89 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


364. 

82. 

400. 

91. 

157. 

37. 

173. 

41. 

250. 

61. 

157. 

37. 

178. 

41. 

190. 

45. 

199. 

47. 

204. 

49. 

260. 

63. 

322. 

71. 

485. 

111. 

158. 

38. 

165. 

39. 

173. 

41. 

189. 

44. 

395. 

95. 

159. 

38. 

167. 

39. 

168. 

39. 

174. 

41. 

260. 

62. 

290. 

70. 

334. 

81. 

161. 

38. 

165. 

39. 

189. 

44. 

205. 

47. 

232. 

54. 

244. 

56. 

164. 

39. 

184. 

44. 

232. 

55. 

243. 

59. 

349. 

84. 

373. 

90. 

410. 

98. 

164. 

40. 

339. 

80. 

396. 

90. 

K10 


TABLE  Kl.  (continued) 


Machinery 


System 

Total  cost 

(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

330 

22,51,74,42,83,105 

164. 

39. 

331 

22,51,74,42,83,89 

198. 

46. 

332 

22,51,74,42,83,89 

210. 

47. 

333 

22,51,74,42,83,111 

256. 

60. 

334 

22,51,74,42,83,111 

333. 

79. 

335 

21,51,74,42,83,89 

165. 

39. 

336 

21,51,74,42,83,89 

168. 

39. 

337 

21,51,74,42,83,105 

179. 

41. 

338 

21,51,74,42,83,89 

191. 

45. 

339 

21,51,74,42,83,111 

301. 

71. 

340 

21,51,74,42,83,111 

307. 

71. 

341 

21,51,74,42,83,111 

363. 

00 

• 

342 

21,51,74,42,83,111 

288. 

93. 

343 

23,51,71,42,83,105 

167. 

38. 

344 

23,51,71,42,83,111 

244. 

56. 

345 

23,51,71,42,83,89 

282. 

68. 

346 

23,51,71,42,83,111 

367. 

88. 

347 

23,51,73,42,83,105 

168. 

40. 

348 

23,51,73,42,83,89 

172. 

41. 

349 

23,51,73,42,83,89 

174. 

42. 

350 

23,51,73,42,83,89 

184. 

44. 

351 

23,51,73,42,83,105 

191. 

46. 

352 

21,51,73,42,83,105 

181. 

42. 

353 

21,51,73,42,83,111 

346. 

82. 

354 

21,51,73,42,83,111 

361. 

86. 

355 

21,51,73,42,83,111 

422. 

101. 

356 

24,51,71,42,82,105 

184. 

44. 

357 

24,51,71,42,82,111 

254. 

61. 

358 

24,51,71,42,82,111 

296. 

70. 

359 

24,51,71,42,82,111 

336. 

• 

rH 

oo 

360 

24,51,71,42,82,111 

393. 

95. 

361 

24,51,73,42,82,105 

186. 

45. 

362 

24,51,73,42,82,89 

202. 

48. 

363 

24,51,73,42,82,89 

212. 

51. 

364 

24,51,73,42,82,89 

252. 

59. 

365 

24,51,73,42,82,111 

304. 

74. 

366 

24,51,73,42,82,89 

312. 

73. 

367 

24,51,73,42,82,111 

360. 

86 . 

368 

24,51,73,42,82,111 

378. 

90. 

369 

370 

371 

372 

373 

374 

375 

376 

377 

378 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 

400 

401 

402 

403 

404 

405 

406 

407 


Kll 


(continued) 


Network  Nodes 

24.51.74.42.82.89 

24,51,74,42,82,105 

24,51,74,42,82,105 

24.51.74.42.82.105 

24,51,74,42,82,111 

24,51,74,42,82,111 

24,51,74,42,82,111 

24.51.74.42.82.111 

24.51.72.42.83.105 

24.51.72.42.83.89 

24,51,72,42,83,89 

24,51,72,42,83,89 

24,51,72,42,83,89 

24.51.72.42.83.89 

24.51.72.42.83.111 

24.51.73.42.83.105 

24.51.73.42.83.89 

24.51.73.42.83.105 

24.51.73.42.83.89 

24.51.73.42.83.111 

24.51.73.42.83.111 

24.51.74.42.83.89 

24.51.74.42.83.105 

24.51.74.42.83.89 

24.51.74.42.83.111 

24,51,74,42,83,111 

24,51,74,42,83,111 

24,51,74,42,83,111 

24.51.74.42.83.111 

24.51.71.42.83.105 

24.51.71.42.83.111 

24,51,71,42,83,111 

24,51,71,42,83,111 

24.51.71.42.83.111 

21.52.71.42.83.111 

21,52,71,42,83,111 

21.52.71.42.83.111 

21.52.71.42.83.89 

22.52.71.42.82.111 

22.52.71.42.82.89 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


195. 

46. 

206. 

48. 

221. 

54. 

244. 

55. 

339. 

80. 

354. 

83. 

373. 

88. 

405. 

98. 

197. 

45. 

244. 

59. 

267. 

64. 

294. 

70. 

299. 

71. 

319. 

77. 

387. 

94. 

202. 

46. 

205. 

48. 

209. 

50. 

252. 

56. 

337. 

81. 

406. 

95. 

203. 

47. 

204. 

50. 

242. 

58. 

294. 

69. 

362. 

88. 

366. 

86. 

451. 

106. 

462. 

111. 

232. 

55. 

292. 

69. 

348. 

84. 

361. 

86. 

369. 

88. 

238. 

55. 

240. 

54. 

305. 

69. 

312. 

74. 

252. 

60. 

262. 

61. 

• 

■ 

Sy£ 

Nun 

409 

410 

411 

412 

413 

414 

415 

416 

417 

418 

419 

420 

421 

422 

423 

424 

425 

426 

427 

428 

429 

430 

431 

432 

433 

434 

435 

436 

437 

438 

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

452 


K12 


(continued) 


Total  cost 

Network  Nodes  $/T  DP  Fed 


21,51,71,42,82,89 

290. 

21,51,71,42,82,89 

313. 

21,51,71,42,82,89 

410. 

22,52,72,41 

295. 

22,52,72,41 

303. 

22,52,72,41 

303. 

22,52,72,41 

312. 

22,52,72,41 

313. 

22,52,72,41 

314. 

22,52,72,41 

315. 

22,52,72,41 

316. 

22,52,72,41 

332. 

22,52,72,41 

332. 

22,52,72,41 

333. 

22,52,72,41 

340. 

22,52,72,41 

342. 

22,52,72,41 

343. 

22,52,72,41 

346. 

22,52,72,41 

349. 

22,52,72,41 

354. 

22,52,72,41 

362. 

22,52,72,41 

373. 

22,52,72,41 

376. 

23,52,72,41 

299. 

23,52,72,41 

314. 

23,52,72,41 

323. 

23,52,72,41 

326. 

23,52,72,41 

335. 

23,52,72,41 

337. 

23,52,72,41 

350. 

23,52,72,41 

352. 

23,52,72,41 

353. 

23,52,72,41 

353. 

23,52,72,41 

364. 

22,52,71,41 

301. 

22,52,71,41 

311. 

22,52,71,41 

314. 

22,52,71,41 

317. 

22,52,71,41 

318. 

22,52,71,41 

323. 

22,52,71,41 

324. 

22,52,71,41 

330. 

22,52,71,41 

332. 

22,52,71,41 

335. 

(nearest  $) 

$/T  DM  Fed 

68. 

o  73. 

95. 

74. 

76. 

76. 

79. 

78. 

78. 

79. 

78. 

84. 

81. 

82. 

82. 

83. 

80. 

85. 

85. 

84. 

86. 

85. 

92. 

74. 

79. 

79. 

81. 

84. 

82. 

85. 

86. 

86. 

88, 

88. 

75. 

77. 

77. 

79. 

79. 

81. 

81. 

83. 

79. 

80. 


Sys 

Nun 

453 

454 

455 

456 

457 

458 

459 

460 

461 

462 

463 

464 

465 

466 

467 

468 

469 

470 

471 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 

491 

492 


K13 


( continued) 


Network  Nodes 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


22,52,71,41 

340. 

85. 

22,52,71,41 

343. 

83. 

22,52,71,41 

345. 

85. 

22,52,71,41 

347. 

85. 

22,52,71,41 

369. 

87. 

22,52,71,41 

296. 

93. 

23,52,71,41 

305. 

76. 

23,52,71,41 

307. 

76. 

23,52,71,41 

315. 

78. 

23,52,71,41 

318. 

78. 

23,52,71,41 

320. 

78. 

23,52,71,41 

323. 

81. 

23,52,71,41 

323. 

80. 

23,52,71,41 

330. 

81. 

23,52,71,41 

330. 

81. 

23,52,71,41 

336. 

81. 

23,52,71,41 

358. 

88. 

23,52,71,41 

360. 

84. 

21,52,72,41 

312. 

77. 

21,52,72,41 

316. 

78. 

21,52,72,41 

317. 

78. 

21,52,72,41 

320. 

77. 

21,52,72,41 

323. 

78. 

21,52,72,41 

338. 

82. 

21,52,72,41 

338. 

82. 

21,52,72,41 

344. 

84. 

21,52,72,41 

347. 

83. 

21,52,72,41 

354. 

85. 

21,52,72,41 

360. 

86. 

21,52,72,41 

385. 

87. 

21,52,72,41 

389. 

94. 

23,52,73,41 

316. 

79. 

23,52,73,41 

316. 

79. 

23,52,73,41 

324. 

81. 

23,52,73,41 

328. 

81. 

23,52,73,41 

336. 

82. 

23,52,73,41 

341. 

82. 

23,52,73,41 

344. 

85. 

23,52,73,41 

346. 

86. 

23,52,73,41 

349. 

87. 

23,52,74,41 

317. 

80. 

23,52,74,41 

317. 

79. 

23,52,74,41 

322. 

81. 

496 

497 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

535 

536 

537 


K14 


(continued) 


Total  cost 

Network  Nodes  $/T  DP  Fed 


23,52,74,41 

324. 

23,52,74,41 

325. 

23,52,74,41 

326. 

23,52,74,41 

329. 

23,52,74,41 

330. 

23,52,74,41 

341. 

23,52,74,41 

341. 

23,52,74,41 

344. 

23,52,74,41 

345. 

23,52,74,41 

345. 

23,52,74,41 

349. 

23,52,74,41 

351. 

23,52,74,41 

353. 

22,52,74,41 

319. 

22,52,74,41 

323. 

22,52,74,41 

327. 

22,52,74,41 

330. 

22,52,74,41 

334. 

22,52,74,41 

343. 

22,52,74,41 

352. 

22,52,74,41 

355. 

22,52,74,41 

357. 

22,52,74,41 

361. 

22,52,74,41 

369. 

22,52,74,41 

374. 

21,51,71,41 

320. 

21,51,71,41 

336. 

21,51,71,41 

337. 

21,51,71,41 

354. 

21,51,71,41 

363. 

21,51,71,41 

374. 

21,51,71,41 

414. 

21,52,73,41 

320. 

21,52,73,41 

328. 

21,52,73,41 

328. 

21,52,73,41 

333. 

21,52,73,41 

335. 

21,52,73,41 

343. 

21,52,73,41 

346. 

21,52,73,41 

346. 

21,52,73,41 

357. 

21,52,73,41 

357. 

21,52,73,41 

367. 

(nearest  $) 
$/T  DM  Fed 

80. 

80. 

81. 

83. 

82. 

84. 

84. 

86. 

84. 

86. 

87. 

87. 

89. 

81. 

81. 

82. 

83. 

82. 

84. 

87. 

88. 

89. 

88. 

89. 

89. 

79. 

81. 

82. 

85. 

88. 

90. 

90. 

79. 

80. 

81. 

79. 

83. 

81. 

86. 

85. 

84. 

86. 

88. 


• 

539 

540 

541 

542 

543 

544 

545 

546 

547 

548 

549 

550 

551 

552 

553 

554 

555 

556 

557 

558 

559 

560 

561 

562 

563 

564 

565 

566 

567 

568 

569 

570 

571 

572 

573 

574 

575 

576 

577 


K15 


(continued) 


Network  Nodes 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


22,52,73,41 

321. 

81. 

22,52,73,41 

322. 

80. 

22,52,73,41 

326. 

82. 

22,52,73,41 

327. 

83. 

22,52,73,41 

333. 

83. 

22,52,73,41 

336. 

82. 

22,52,73,41 

337. 

85. 

22,52,73,41 

340. 

84. 

22,52,73,41 

352. 

87. 

22,52,73,41 

354. 

85. 

21,51,72,41 

322. 

79. 

21,51,72,41 

335. 

83. 

21,51,72,41 

335. 

83. 

21,51,72,41 

342. 

83. 

21,51,72,41 

344. 

85. 

21,51,72,41 

350. 

83. 

21,51,72,41 

357. 

83. 

21,51,72,41 

357. 

87. 

21,51,72,41 

361. 

87. 

21,51,72,41 

366 . 

88. 

21,51,72,41 

372. 

86. 

21,51,72,41 

372. 

90. 

21,51,72,41 

378. 

92. 

21,52,74,41 

322. 

79. 

21,52,74,41 

326. 

79. 

21,52,74,41 

329. 

80. 

21,52,74,41 

333. 

82. 

21,52,74,41 

337. 

81. 

21,52,74,41 

340. 

82. 

21,52,74,41 

351. 

86. 

21,52,74,41 

356. 

85. 

21,52,74,41 

368. 

85. 

22,51,72,41 

323. 

80. 

22,51,72,41 

324. 

80. 

22,51,72,41 

326. 

80. 

22,51,72,41 

327. 

83. 

22,51,72,41 

328. 

81. 

22,51,72,41 

328. 

81. 

22,51,72,41 

329. 

82. 

22,51,72,41 

330. 

82. 

22,51,72,41 

331. 

82. 

22,51,72,41 

338. 

84. 

22,51,72,41 

341. 

84. 

22,51,72,41 

344. 

83. 

. 


K16 


TABLE  Kl.  (continued) 


Machinery 

System 

Number 

Network  Nodes 

Total  cost 
$/T  DP  Fed 

(nearest  $) 

$/T  DM  Fed 

583 

22,51,72,41 

344. 

86. 

584 

22,51,72,41 

356. 

87. 

585 

22,51,72,41 

360. 

87. 

586 

22,51,72,41 

361. 

89. 

587 

22,51,72,41 

362. 

86. 

588 

22,51,72,41 

364. 

89. 

589 

22,51,72,41 

368. 

86. 

590 

22,51,71,41 

324. 

79. 

591 

22,51,71,41 

341. 

84. 

592 

22,51,71,41 

342. 

84. 

593 

22,51, 71, 41 

343. 

84. 

594 

22,51,71,41 

347. 

85. 

595 

22,51,71,41 

347. 

85. 

596 

22,51,71,41 

349. 

84. 

597 

22,51,71,41 

351. 

84. 

598 

22,51,71,41 

354. 

88. 

599 

22,51,71,41 

357. 

00 

• 

600 

22,51,71,41 

362. 

• 

oo 

oo 

601 

22,51,71,41 

367. 

88. 

602 

22,51,71,41 

390. 

94. 

603 

21,52,71,41 

325. 

79. 

604 

21,52,71,41 

326. 

80. 

605 

21,52,71,41 

330. 

81. 

606 

21,52,71,41 

331. 

81. 

607 

21,52,71,41 

331. 

79. 

608 

21,52,71,41 

343. 

78. 

609 

21,52,71,41 

348. 

84. 

610 

21,52,71,41 

348. 

84. 

611 

21,52,71,41 

361. 

85. 

612 

23,51,71,41 

326. 

80. 

613 

23,51,71,41 

343. 

86. 

614 

23,51,71,41 

345. 

84. 

615 

23,51,71,41 

347. 

85. 

616 

23,51,71,41 

349. 

87. 

617 

23,51,71,41 

355. 

86. 

618 

23,51,71,41 

358. 

89. 

619 

23,51,71,41 

359. 

87. 

620 

23,51,71,41 

362. 

88. 

621 

23,51,71,41 

365. 

87. 

622 

23,51,71,41 

376. 

91. 

623 

624 

625 

626 

627 

628 

629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

639 

640 

641 

642 

643 

644 

645 

646 

647 

648 

649 

650 

652 

653 

654 

655 

656 

657 

658 

659 

660 

661 

662 

663 

664 

665 

666 

667 


K17 


(continued) 


Total  cost 

Network  Nodes  $/T  DP  Fed 


24,51,72,41 

328. 

24,51,72,41 

337. 

24,51,72,41 

343. 

24,51,72,41 

344. 

24,51,72,41 

358. 

24,51,72,41 

360. 

24,51,72,41 

363. 

24,51,72,41 

367. 

24,51,72,41 

373. 

24,51,72,41 

375. 

24,51,72,41 

382. 

24,51,72,41 

391. 

24,51,72,41 

397. 

24,52,72,41 

330. 

24,52,72,41 

334. 

24,52,72,41 

341. 

24,52,72,41 

344. 

24,52,72,41 

352. 

24,52,72,41 

356. 

24,52,72,41 

363. 

24,52,72,41 

369. 

24,52,72,41 

371. 

24,52,72,41 

371. 

24,52,72,41 

401. 

23,51,72,41 

331. 

23,51,72,41 

331. 

23,51,72,41 

334. 

23,51,72,41 

334. 

23,51,72,41 

339. 

23,51,72,41 

340. 

23,51,72,41 

342. 

23,51,72,41 

343. 

23,51,72,41 

349. 

23,51,72,41 

350. 

23,51,72,41 

383. 

23,51,72,41 

386. 

23,51,74,41 

331. 

23,51,74,41 

344. 

23,51,74,41 

344. 

23,51,74,41 

349. 

23,51,74,41 

364. 

23,51,74,41 

365. 

23,51,74,41 

401. 

23,51,74,41 

409. 

(nearest  $) 
$/T  DM  Fed 

82. 

84. 

86. 

85. 

90. 

90. 

89. 

90. 

89. 

92. 

94. 

97. 

96. 

83. 

83. 

85. 

85. 

87. 

88. 

89. 

91. 

91. 

89. 

95. 

82. 

82. 

83. 

81. 

85. 

85. 

85. 

85. 

85. 

87. 

91. 

91. 

84. 

87. 

85. 

88. 

91. 

92. 

98. 

99. 


•  t  ■ 

668 

669 

670 

671 

672 

673 

674 

675 

676 

677 

678 

679 

680 

681 

682 

683 

684 

685 

686 

687 

688 

689 

690 

691 

692 

693 

694 

695 

696 

697 

698 

699 

700 

701 

702 

703 

704 

705 

706 

707 

708 

709 

710 

711 

712 


K18 


(continued) 


Network  Nodes 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


24,52,71,41 

332. 

84. 

24,52,71,41 

332. 

82. 

24,52,71,41 

345. 

85. 

24,52,71,41 

346. 

87. 

24,52,71,41 

347. 

86. 

24,52,71,41 

347. 

85. 

24,52,71,41 

349. 

86. 

24,52,71,41 

352. 

87. 

24,52,71,41 

354. 

89. 

24,52,71,41 

357. 

oo 

oo 

• 

24,52,71,41 

359. 

89. 

24,52,71,41 

361. 

89. 

24,52,71,41 

361. 

88. 

24,52,71,41 

363. 

90. 

24,52,71,41 

369. 

93. 

24,52,71,41 

369. 

91. 

24,52,71,41 

372. 

90. 

24,52,71,41 

372. 

92. 

24,52,71,41 

392. 

91. 

21,51,74,41 

333. 

83. 

21,51,74,41 

346. 

84. 

21,51,74,41 

351. 

85. 

21,51,74,41 

354. 

87. 

21,51,74,41 

355. 

88. 

21,51,74,41 

362. 

89. 

21,51,74,41 

366. 

91. 

21,51,74,41 

366. 

90. 

21,51,74,41 

368. 

88. 

21,51,74,41 

377. 

91. 

21,51,74,41 

378. 

92. 

21,51,74,41 

379. 

94. 

21,51,74,41 

382. 

89. 

21,51,74,41 

403. 

90. 

21,51,74,41 

412. 

95. 

22,51,74,41 

341. 

86. 

22,51,74,41 

342. 

84. 

22,51,74,41 

346. 

86. 

22,51,74,41 

351. 

88. 

22,51,74,41 

359. 

91. 

22,51,74,41 

362. 

92. 

22,51,74,41 

366. 

91. 

22,51,74,41 

378. 

90. 

22,51,74,41 

394. 

96. 

22,51,74,41 

410. 

100. 

22,51,74,41 

422. 

95. 

. 

Sys 

Nun 

713 

714 

715 

716 

717 

718 

719 

720 

721 

722 

723 

724 

725 

726 

727 

728 

729 

730 

731 

732 

733 

734 

735 

736 

737 

738 

739 

740 

741 

742 

743 

744 

745 

746 

747 

748 

749 

750 

751 

752 

753 


K19 


(continued) 


Network  Nodes 


Total  cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


24,52,74,41 

341. 

86. 

24,52,74,41 

342. 

87. 

24,52,74,41 

346. 

87. 

24,52,74,41 

348. 

87. 

24,52,74,41 

352. 

87. 

24,52,74,41 

354. 

89. 

24,52,74,41 

354. 

88. 

24,52,74,41 

355. 

89. 

24,52,74,41 

359. 

91. 

24,52,74,41 

359. 

89. 

24,52,74,41 

359. 

86. 

24,52,74,41 

361. 

87. 

24,52,74,41 

362. 

90. 

24,52,74,41 

366. 

91. 

24,52,74,41 

366. 

92. 

24,52,74,41 

370. 

93. 

24,52,74,41 

375. 

95. 

24,52,74,41 

379. 

88. 

24,51,71,41 

347. 

87. 

24,51,71,41 

348. 

87. 

24,51,71,41 

354. 

88. 

24,51,71,41 

356. 

87. 

24,51,71,41 

360. 

88. 

24,51,71,41 

362. 

86. 

24,51,71,41 

366, 

90. 

24,51,71,41 

368. 

89. 

24,51,71,41 

373. 

94. 

24,51,71,41 

381. 

94. 

24,51,71,41 

382. 

93. 

24,51,71,41 

388. 

94. 

24,51,71,41 

397. 

98. 

24,52,73,41 

350. 

87. 

24,52,73,41 

351. 

88. 

24,52,73,41 

351. 

88. 

24,52,73,41 

352. 

89. 

24,52,73,41 

360. 

91. 

24,52,73,41 

360. 

89. 

24,52,73,41 

365. 

91. 

22,51,73,41 

356. 

88. 

22,51,73,41 

367. 

93. 

22,51,73,41 

370. 

92. 

22,51,73,41 

372. 

93. 

22,51,73,41 

387. 

97. 

22,51,73,41 

389. 

96. 

22,51,73,41 

390. 

97. 

758 

759 

760 

761 

762 

763 

764 

765 

766 

767 

768 

769 

770 

771 

772 

773 

774 

775 

776 

777 

778 

779 

780 

781 

782 

783 

784 

785 

786 

787 

788 

789 

790 

791 

792 

793 

794 

795 

796 

797 


K20 


(continued) 


Network  Nodes 


Total  cost 

$/T  DP  Fed 


22,51,73,41 

394. 

22,51,73,41 

400. 

22,51,73,41 

404. 

22,51,73,41 

412. 

22,51,73,41 

447. 

24,51,74,41 

362. 

24,51,74,41 

362. 

24,51,74,41 

373. 

24,51,74,41 

379. 

24,51,74,41 

379. 

24,51,74,41 

387. 

24,51,74,41 

393. 

24,51,74,41 

394. 

24,51,74,41 

400. 

24,51,74,41 

416. 

24,51,74,41 

421. 

23,51,73,41 

371. 

23,51,73,41 

371. 

23,51,73,41 

377. 

23,51,73,41 

388. 

23,51,73,41 

392. 

23,51,73,41 

395. 

23,51,73,41 

401. 

23,51,73,41 

434. 

21,51,73,41 

372. 

21,51,73,41 

376. 

21,51,73,41 

389. 

21,51,73,41 

391. 

21,51,73,41 

401. 

21,51,73,41 

402. 

21,51,73,41 

413. 

21,51,73,41 

440. 

24,51,73,41 

393. 

24,51,73,41 

400. 

24,51,73,41 

407. 

24,51,73,41 

411. 

24,51,73,41 

412. 

24,51,73,41 

423. 

24,51,73,41 

427. 

24,51,73,41 

428. 

24,51,73,41 

448. 

24,51,73,41 

468. 

24,51,73,41 

470. 

(nearest  $) 

$/T  DM  Fed 

100. 

98. 

100. 

101. 

106. 

91. 

89. 

93. 

93. 

95. 

96. 

100. 

91. 

99. 

105. 

102. 

93. 

93. 

93. 

96. 

98. 

96. 

101. 

100. 

90. 

92. 

96. 

96. 

99. 

100. 

100. 

108. 

98. 

100. 

102. 

102. 

102. 

105. 

102. 

108. 

111. 

116. 

109. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 


K21 


FORAGE  HANDLING  SYSTEMS  SIMULATED  FOR  300  ACRES  - 
DIRECT-CUT  HARVESTING. 


Network  Nodes 

22,52,73,42,82,89 

22,52,73,42,82,105 

22,52,73,42,82,105 

22,52,73,42,82,105 

22,52,73,42,82,105 

22,52,73,42,82,89 

22.52.73.42.82.105 

22.52.73.42.82.89 

22.52.73.42.82.89 

22.52.73.42.82.89 

22,52,73,42,82,111 

22,52,73,42,82,111 

22,52,73,42,82,111 

22.52.73.42.82.111 

23.52.73.42.82.105 

23,52,73,42,82,105 

23,52,73,42,82,105 

23.52.73.42.82.89 

23.52.73.42.82.105 

22.52.74.42.83.89 

22,52,74,42,83,89 

22,52,74,42,83,89 

22,52,74,42,83,89 

22.52.74.42.83.89 

22.52.74.42.83.111 

22,52,74,42,83,111 

22.52.74.42.83.111 

22.52.74.42.82.105 

22,52,74,42,82,105 

22.52.74.42.82.89 

22.52.74.42.82.105 

22.52.74.42.82.111 

22,52,74,42,82,111 

22,52,74,42,82,111 

22,52,74,42,82,111 

23.52.73.42.83.89 

23.52.73.42.83.105 

23,52,73,42,83,105 

23,52,73,42,83,105 

23,52,73,42,83,89 


Total  Cost  (nearest  $) 
$/T  DP  Fed  $/T  DM  Fed 


96. 

23. 

109. 

26. 

111. 

27. 

113. 

27. 

122. 

28. 

126. 

29. 

130. 

30. 

135. 

31. 

140. 

32. 

142. 

32. 

186. 

45. 

202. 

48. 

212. 

50. 

226. 

51. 

101. 

24. 

108. 

24. 

116. 

27. 

118. 

28. 

134. 

31. 

102. 

25. 

107. 

25. 

115. 

27. 

142. 

33. 

147. 

34. 

273. 

65. 

289. 

68. 

387. 

85. 

102. 

24. 

118. 

28. 

129. 

30. 

141. 

32. 

204. 

48. 

206. 

49. 

231. 

55. 

299. 

69. 

103. 

24. 

116. 

27. 

117. 

27. 

124. 

29. 

130. 

29. 

• 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 


K22 


( continued) 


Network  Nodes 

23.52.73.42.83.89 

23,52,73,42,83,111 

23,52,73,42,83,111 

23.52.73.42.83.111 

22.52.73.42.83.89 

22.52.73.42.83.89 

22.52.73.42.83.105 

22.52.73.42.83.111 

22,52,73,42,83,111 

22,52,73,42,83,111 

22.52.73.42.83.111 

23.52.71.42.83.105 

23.52.71.42.83.105 
23,52,71  42,83,105 

23.52.71.42.83.89 

23.52.71.42.83.111 

23,52,71,42,83,111 

23.52.71.42.83.111 

23.52.74.42.82.105 

23.52.74.42.82.89 

23,52,74,42,82,105 

23,52,74,42,82,89 

23,52,74,42,82,105 

23,52,74,42,82,105 

23,52,74,42,82,89 

23.52.74.42.82.105 

23.52.74.42.82.89 

23.52.72.42.82.105 

23.52.72.42.82.105 

23.52.72.42.82.89 

23.52.72.42.82.111 

21.52.72.42.83.105 

21,52,72,42,83,105 

21,52,72,42,83,105 

21,52,72,42,83,105 

21.52.72.42.83.89 

21.52.72.42.83.111 

21,52,72,42,83,111 

21,52,72,42,83,111 

21,52,72,42,83,89 


Total  Cost  (nearest  $) 


$/T  DP  Fed 

$/T  DM  Fed 

138. 

29. 

217. 

51. 

228. 

52. 

312. 

74. 

104. 

25. 

125. 

29. 

140. 

32. 

204. 

48. 

211. 

50. 

249. 

58. 

283. 

62. 

105. 

25. 

134. 

30. 

159. 

34. 

223. 

51. 

242. 

55. 

279. 

61. 

279  . 

63. 

109  . 

26. 

111. 

26. 

118. 

27. 

120. 

28. 

122. 

28. 

125. 

30. 

125. 

30. 

153. 

33. 

157. 

35. 

111. 

26. 

135. 

31. 

193. 

44. 

233. 

54. 

113. 

26. 

116. 

26. 

134. 

29. 

137. 

29. 

238. 

50. 

325. 

71. 

339. 

66. 

348 

75. 

363. 

81. 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 


K23 


(continued) 


Network  Nodes 


Total  Cost 
$/T  DP  Fed 


23,52,74,42,83,105 

114. 

23,52,74,42,83,105 

115. 

23,52,74,42,83,89 

115. 

23,52,74,42,83,89 

123. 

23,52,74,42,83,89 

127. 

23,52,74,42,83,89 

129. 

23,52,74,42,83,105 

133. 

23,52,74,42,83,105 

137. 

23,52,74,42,83,89 

148. 

23,52,74,42,83,111 

273. 

21,52,72,42,82,105 

115. 

21,52,72,42,82,105 

137. 

21,52,72,42,82,89 

171. 

21,52,72,42,82,89 

245. 

21,52,72,42,82,111 

252. 

21,52,72,42,82,89 

253. 

21,52,72,42,82,111 

289. 

21,52,72,42,82,111 

337. 

23,52,71,42,82,105 

115. 

23,52,71,42,82,105 

129. 

23,52,71,42,82,89 

193. 

23,52,71,42,82,111 

236. 

23,52,71,42,82,111 

261. 

23,52,71, 42,82,89 

283. 

23,52,71,42,82,89 

289. 

23,52,71,42,82,89 

290. 

23,52,71,42,82,111 

322. 

21,52,73,42,83,105 

115. 

21,52,73,42,83,89 

119. 

21,52,73,42,83,105 

129. 

21,52,73,42,83,105 

144. 

21,52,73,42,83,89 

148. 

21,52,73,42,83,111 

192. 

21,52,73,42,83,111 

268. 

23,52,72,42,83,105 

118. 

23,52,72,42,83,105 

140. 

23,52,72,42,83,89 

221. 

23,52,72,42,83,89 

243. 

23,52,72,42,83,111 

288. 

23,52,72,42,83,89 

340. 

(nearest  $) 

$/T  DM  Fed 

27. 

27. 

27. 

29. 

29. 

30. 

31. 

31. 

33. 

60. 

26. 

30. 

39. 

55. 

55. 

57. 

66 . 

75. 

27. 

29. 

44. 

53. 

61. 

64. 

65. 

67. 

75. 

27. 

28. 

30. 

33. 

32. 

44. 

57. 

27. 

31. 

49. 

56. 

66 . 

77. 


121 

122 

123 

124 

125 

126 

127 

128 

129 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 


K24 


(continued) 


Network  Nodes 

21,52,73,42,82,105 

21,52,73,42,82,105 

21.52.73.42.82.89 

21.52.73.42.82.105 

21.52.73.42.83.89 

21.52.73.42.82.111 

21.52.74.42.82.89 

21.52.74.42.82.105 

21.52.74.42.82.89 

21.52.74.42.82.111 

24.52.71.42.82.105 

24.52.71.42.82.105 

24.52.71.42.82.111 

24.52.71.42.82.111 

24.52.71.42.82.89 

21.52.74.42.83.105 

21.52.74.42.83.89 

21,52,74,42,83,89 

21,52,74,42,83,89 

21.52.74.42.83.89 

21.52.74.42.83.111 

21.52.74.42.83.111 

22.52.72.42.82.105 

22.52.72.42.82.89 

22.52.72.42.82.111 

22.52.72.42.82.111 

22.52.72.42.82.89 

24.52.74.42.83.89 

24,52,74,42,83,89 

24.52.74.42.83.105 

24,52,74,42,83,105 

24.52.74.42.83.105 

24.52.74.42.83.89 

24.52.74.42.83.111 

24.52.71.42.83.105 

24,52,71,42,83,105 

24,52,71,42,83,105 

24,52,71,42,83,105 

24.52.71.42.83.89 

24,52,71,42,83,89 


Total  Cost 

(nearest  $) 

$/T  DP  Fed 

$/T  DM  Fed 

119. 

26. 

128. 

29. 

128. 

29. 

138. 

30. 

144. 

33. 

341. 

78. 

119. 

27. 

127. 

29. 

140. 

31. 

261. 

60. 

120. 

28. 

129. 

30. 

237. 

54. 

251. 

58. 

261. 

59. 

126. 

28. 

131. 

29. 

136. 

31. 

151. 

34. 

152. 

33. 

225. 

52. 

312. 

69. 

127. 

29. 

194. 

45. 

209. 

48. 

236. 

53. 

266. 

61. 

127. 

30. 

129. 

31. 

132. 

31. 

132. 

31. 

151. 

35. 

166. 

38. 

323. 

75. 

129. 

30. 

150. 

35. 

155. 

34. 

159. 

35. 

318. 

71. 

336. 

77. 

K25 


TABLE  K2 . 

( continued) 

Machinery 

System 

Total  Cost 

(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

161 

24,52,71,42,83,89 

366. 

78. 

162 

24,52,72,42,82,105 

131. 

30. 

163 

24,52,72,42,82,111 

246. 

58. 

164 

24,52,72,42,82,111 

266. 

62. 

165 

24,52,72,42,82,89 

293. 

66 . 

166 

24,52,72,42,82,111 

367. 

83. 

167 

24,42,74,42,82,105 

133. 

32. 

168 

24,52,74,42,82,89 

134. 

32. 

169 

24,52,74,42,82,105 

135. 

32. 

170 

24,52,74,42,82,105 

157. 

36. 

171 

24,52,74,42,82,89 

163. 

37. 

172 

22,51,71,42,83,105 

134. 

31. 

173 

22,51,71,42,83,105 

194. 

44. 

174 

22,51,71,42,83,111 

292. 

69. 

175 

22,51,71,42,83,89 

316. 

72. 

176 

22,51,71,42,83,89 

318. 

73. 

177 

24,52,73,42,82,89 

134. 

32. 

178 

24,52,73,42,83,89 

148. 

35. 

179 

24,52,73,42,83,111 

225. 

54. 

180 

22,52,71,42,83,105 

134. 

30. 

181 

22,52,71,42,83,105 

140. 

32. 

182 

22,52,71,42,83,105 

142. 

32. 

183 

22,52,71,42,83,111 

159. 

38. 

184 

22,52,71,42,83,111 

176. 

42. 

185 

22,52,71,42,83,111 

240. 

53. 

186 

22,52,71,42,83,89 

265. 

61. 

187 

22,52,72,42,83,105 

136. 

30. 

188 

22,52,72,42,83,89 

209. 

49. 

189 

22,52,72,42,83,111 

394. 

87. 

190 

24,52,73,42,83,105 

139. 

33. 

191 

24,52,73,42,83,89 

145. 

33. 

192 

24,52,73,42,83,105 

151. 

36. 

193 

24,52,73,42,83,105 

157. 

35. 

194 

24,52,73,42,83,111 

241. 

56. 

195 

24,52,73,42,83,111 

269. 

63. 

196 

24,52,73,42,83,111 

325. 

74. 

• 

19  7 

198 

199 

200 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 

211 

212 

213 

214 

215 

216 

217 

218 

219 

220 

221 

222 

223 

224 

225 

226 

227 

228 

229 

230 

231 

232 

233 


K26 


( continued) 


Network  Nodes 

21.51.72.42.82.105 

21.51.72.42.82.89 

21.51.72.42.83.89 

21.51.72.42.82.89 

21,51,72,42,82,111 

21,51,72,42,82,89 

21,51,72,42,82,111 

21,51,72,42,82,89 

21.51.72.42.82.89 

21.51.72.42.82.111 

24.52.72.42.83.105 

24.52.72.42.83.89 

24.52.72.42.83.111 

24,52,72,42,83,111 

24.52.72.42.83.111 

22.51.72.42.83.105 

22.51.72.42.83.105 

22.51.72.42.83.111 

22,51,72,42,83,111 

22,51,72,42,83,111 

22.51.72.42.83.89 

22.51.72.42.83.111 

22.51.72.42.83.89 

21.51.71.42.83.105 

21.51.71.42.83.105 

21.51.71.42.83.89 

21.51.71.42.83.111 

21.51.71.42.83.89 

22.51.72.42.82.105 

22.51.72.42.82.105 

22.51.72.42.82.89 

22,51,72,42,82,89 

22.51.72.42.82.89 

22.51.71.42.82.105 

22,51,71,42,82,105 

22,51,71,42,82,105 

22.51.71.42.82.111 

22.51.71.42.82.89 

22,51,71,42,82,89 


Total  Cost  (nearest  $) 
$/T  DP  Fed  $/T  DM  Fed 


139. 

31. 

231. 

51. 

250. 

55. 

257. 

54. 

273. 

60. 

300. 

67. 

314. 

69. 

354. 

80. 

394. 

90. 

433. 

88. 

139. 

32. 

192. 

45. 

328. 

73. 

328. 

68. 

375. 

82. 

142. 

33. 

169. 

40. 

288. 

65. 

302. 

67. 

314. 

71. 

340. 

78. 

364. 

82. 

394. 

90. 

143. 

31. 

222. 

44. 

247. 

55. 

314. 

68. 

336. 

76. 

143. 

33. 

170. 

40. 

259. 

62. 

344. 

79. 

373. 

83. 

144. 

33. 

150. 

34. 

199. 

46. 

281. 

64. 

325. 

76. 

423. 

99. 

K27 


TABLE  K2.  (continued) 


Machinery 

System 

Number 

Network  Nodes 

Total  Cost 
$/T  DP  Fed 

(nearest  $) 
$/T  DM  Fed 

236 

22,51,73,42,83,89 

144. 

35. 

237 

22,51,73,42,83,105 

145. 

34. 

238 

22,51,73,42,83,89 

195. 

44. 

239 

21,52,71,42,82,105 

146. 

31. 

240 

21,52,71,42,82,105 

155. 

32. 

241 

21,52,71,42,82,89 

253. 

58. 

242 

21,52,71,42,82,89 

262. 

59. 

243 

21,52,71,42,82,89 

306. 

68. 

244 

23,51,74,42,83,89 

146. 

34. 

243 

23,51,74,42,83,89 

159. 

36. 

246 

23,51,74,42,83,111 

389. 

91. 

247 

22,51,73,42,82,105 

148. 

35. 

248 

22,51,73,42,82,89 

166. 

40. 

249 

22,51,73,42,82,105 

192. 

46. 

250 

22,51,73,42,82,89 

199. 

45. 

251 

22,51,73,42,82,89 

200. 

47. 

252 

22,51,73,42,82,89 

218. 

50. 

253 

22,51,73,42,82,111 

307. 

72. 

254 

22,51,74,42,82,89 

148. 

35. 

255 

22,51,74,42,82,89 

155. 

37. 

256 

22,51,74,42,82,89 

196. 

47. 

257 

22,51,74,42,82,89 

198. 

45. 

258 

22,51,74,42,82,105 

199. 

45. 

259 

22,51,74,42,82,111 

252. 

61. 

260 

22,51,74,42,82,111 

305. 

68. 

261 

22,51,74,42,82,111 

473. 

108. 

262 

23,51,71,42,83,105 

152. 

35. 

263 

23,51,71,42,83,111 

229. 

53. 

264 

23,51,71,42,83,89 

302. 

67. 

265 

23,51,71,42,83,111 

367. 

86 . 

266 

23,51,71,42,82,105 

154. 

36. 

267 

23,51,71,42,82,105 

174. 

40. 

268 

23,51,71,42,82,105 

176. 

42. 

269 

23,51,71,42,82,89 

257  . 

60 . 

270 

23,51,71,42,82,89 

287. 

65 . 

r>  71 

23,51,71,42,82,111 

297. 

68 . 

272 

23,51,71,42,82,89 

369. 

80. 

273 

23,51,71,42,82,111 

384. 

88  • 

» 
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TABLE  K2.  (continued) 


Machinery 

System 

Number 

Network  Nodes 

Total  Cost 
$/T  DP  Fed 

(nearest  $) 
$/T  DM  Fed 

274 

23,51,74,42,82,105 

154. 

36. 

275 

23,51,74,42,82,89 

157. 

37. 

276 

23,51,74,42,82,105 

175. 

40. 

277 

23,51,74,42,82,105 

193. 

43. 

278 

23,51,74,42,82,111 

412. 

93. 

279 

21,51,73,42,82,89 

155. 

35. 

280 

21,51,73,42,82,89 

157. 

37. 

281 

21,51,73,42,82,105 

186. 

42. 

282 

21,51,73,42,82,111 

335. 

77. 

283 

21,51,73,42,82,111 

336. 

73. 

284 

21,51,73,42,82,111 

439. 

101. 

285 

21,51,73,42,82,111 

462. 

100. 

286 

22,51,74,42,83,105 

155. 

37. 

287 

22,51,74,42,83,89 

191. 

44. 

288 

22,51,74,42,83,89 

193. 

44. 

289 

22,51,74,42,83,111 

251. 

58. 

290 

22,51,74,42,83,111 

338. 

77. 

291 

23,51,72,42,83,105 

158. 

35. 

292 

23,51,72,42,83,105 

161. 

36. 

293 

23,51,72,42,83,105 

185. 

41. 

294 

23,51,72,42,83,111 

263. 

60. 

295 

23,51,72,42,83,111 

265. 

60. 

296 

23,51,72,42,83,111 

272. 

62. 

297 

23,51,72,42,83,111 

274. 

63. 

298 

23,51,72,42,83,89 

295. 

66 . 

299 

23,51,72,42,83,111 

304. 

69. 

300 

23,51,72,42,83,111 

371. 

85. 

301 

23,51,72,42,83,111 

408. 

90. 

302 

23,51,72,42,83,111 

445. 

105. 

303 

24,51,72,42,82,105 

158. 

36. 

304 

24,51,72,42,82,89 

351. 

75 . 

305 

24,51,72,42,82,89 

367. 

83. 

306 

23,51,72,42,82,105 

159. 

37. 

307 

23,51,72,42,82,105 

161. 

36 . 

308 

23,51,72,42,82,89 

215. 

49. 

309 

23,51,72,42,82,111 

226. 

52  . 

310 

23,51,72,42,82,111 

243. 

56 . 

311 

23,51,72,42,82,111 

355. 

/  8 . 

312 

23,51,72,42,82,111 

366. 

84. 

* 
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TABLE  K2 . 

( continued) 

Machinery 

System 

Total  Cost 

(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

313 

21,51,74,42,83,89 

160. 

37. 

314 

21,51,74,42,83,89 

170. 

38. 

313 

21,51,74,42,83,105 

177. 

40. 

316 

21,51,74,42,83,89 

192. 

44. 

317 

21,51,74,42,83,111 

304. 

70. 

318 

21,51,74,42,83,111 

315. 

70. 

319 

21,51,74,42,83,111 

393. 

86. 

320 

21,51,74,42,83,111 

448. 

94. 

321 

24,51,71,42,82,105 

163. 

39. 

322 

24,51,71,42,82,111 

250. 

57. 

323 

24,51,71,42,82,111 

284. 

65. 

324 

24,51,71,42,82,111 

313. 

74. 

325 

24,51,71,42,82,111 

392. 

88. 

326 

23,51,73,42,83,105 

164. 

39. 

327 

23,51,73,42,83,89 

165. 

39. 

328 

23,51,73,42,83,89 

169. 

40. 

329 

23,51,73,42,83,89 

181. 

42. 

330 

23,51,73,42,83,105 

196. 

45. 

331 

23,51,73,42,82,105 

169. 

39. 

332 

23,51,73,42,82,105 

178. 

42. 

333 

23,51,73,42,82,89 

222. 

52. 

334 

23,51,73,42,82,111 

251. 

58. 

335 

23,51,73,42,82,111 

354. 

82. 

336 

23,51,73,42,82,111 

371. 

87. 

337 

23,51,73,42,82,111 

401. 

94. 

338 

21,51,74,42,82,105 

169. 

37. 

339 

21,51,74,42,82,105 

173. 

39. 

340 

21,51,74,42,83,89 

184. 

40. 

341 

21,51,74,42,82,105 

188. 

43. 

342 

21,51,74,42,82,105 

196. 

42. 

343 

21,51,74,42,82,89 

200. 

44. 

344 

21,51,74,42,82,111 

247. 

57 . 

345 

21,51,74,42,82,111 

254. 

57 . 

346 

21,51,74,42,82,111 

280. 

64 . 

347 

21,51,72,42,83,105 

170. 

39. 

348 

21,51,72,42,83,105 

174. 

39. 

349 

21,51,72,42,83,105 

200. 

44 . 

350 

21,51,72,42,83,105 

224. 

48 . 

351 

21,51,72,42,83,111 

233. 

53 . 

352 

21,51,72,42,83,111 

252. 

56 . 

Sys 

Nun 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 

367 

368 

369 

370 

371 

372 

373 

374 

375 

376 

377 

378 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 


K30 


( continued) 


Network  Nodes 

24.51.72.42.83.105 

24,51,72,42,83,89 

24,51,72,42,83,89 

24,51,72,42,83,89 

24,51,72,42,83,89 

24.51.72.42.83.89 

24.51.72.42.83.111 

24.51.74.42.83.89 

24.51.74.42.83.105 

24.51.74.42.83.89 

24.51.74.42.83.111 

24,51,74,42,83,111 

24,51,74,42,83,111 

24.51.74.42.83.111 

24.51.73.42.83.105 

24.51.73.42.83.89 

24.51.73.42.83.105 

24.51.73.42.83.89 

24.51.73.42.83.111 

24.51.73.42.83.111 

24.51.74.42.82.89 

24.51.74.42.82.105 

24,51,74,42,82,105 

24.51.74.42.82.105 

24.51.74.42.82.111 

24,51,74,42,82,111 

24,51,74,42,82,111 

24.51.74.42.82.111 

21.51.73.42.83.105 

21.51.73.42.83.111 

21,51,73,42,83,111 

21.51.73.42.83.111 

24.51.73.42.82.105 

24.51.73.42.82.89 

24,51,73,42,82,89 

24,51,73,42,82,89 

24.51.73.42.82.111 

24,51,73,42,82,89 

24,51,73,42,82,111 

24,51,73,42,82,111 


Total  Cost  (nearest  $) 


$/T  DP  Fed 

$/T  DM  Fed 

171. 

40. 

230. 

54. 

247. 

58. 

275. 

64. 

305. 

70. 

315. 

66 . 

384. 

88. 

174. 

41. 

186. 

45. 

225. 

53. 

321. 

77. 

344. 

81. 

423. 

97. 

448. 

103. 

175. 

41. 

179. 

43. 

188. 

45. 

223. 

51. 

307. 

74. 

372. 

87. 

176. 

41. 

180. 

42. 

204. 

49. 

232. 

50. 

319. 

73. 

333. 

77. 

344. 

81. 

387. 

90. 

177. 

41. 

376. 

82. 

377. 

86. 

442. 

100. 

180 

41. 

186. 

44. 

187. 

45. 

234. 

54. 

282. 

67. 

283. 

68. 

328. 

79. 

396. 

85. 

393 

394 

395 

396 

397 

398 

399 

400 

401 

402 

403 

404 

405 

406 

407 

408 

409 

410 

411 

412 

413 

414 

415 

416 

417 

418 

419 

420 

421 

422 

423 

424 

425 

426 

427 

428 

429 

430 

431 

432 

433 


K31 


(continued) 


Total  Cost 

Network  Nodes  $/T  DP  Fed 


24,51,71,42,83,105 

211. 

24,51,71,42,83,111 

273. 

24,51,71,42,83,111 

324. 

24,51,71,42,83,111 

342. 

24,51,71,42,83,111 

372. 

21,52,71,42,83,111 

232. 

21,52,71,42,83,111 

251. 

21,52,71,42,83,111 

327. 

21,52,71,42,83,89 

353. 

22,52,72,41 

237. 

22,52,72,41 

245. 

22,52,72,41 

256. 

22,52,72,41 

256. 

22,52,72,41 

257. 

22,52,72,41 

258. 

22,52,72,41 

260. 

22,52,72,41 

264. 

22,52,72,41 

271. 

22,52,72,41 

276. 

22,52,72,41 

277. 

22,52,72,41 

291. 

22,52,72,41 

291. 

22,52,72,41 

291. 

22,52,72,41 

297. 

22,52,72,41 

298. 

22,52,72,41 

303. 

22,52,72,41 

306. 

22,52,72,41 

321. 

22,52,72,41 

336. 

22,52,71,41 

248. 

22,52,71,41 

253. 

22,52,71,41 

256. 

22,52,71,41 

264. 

22,52,71,41 

267. 

22,52,71,41 

270. 

22,52,71,41 

270. 

22,52,71,41 

274. 

22,52,71,41 

278. 

22,52,71,41 

281. 

22,52,71,41 

289. 

22,52,71,41 

291. 

22,52,71,41 

301. 

22,52,71,41 

301. 

(nearest  $) 
$/T  DM  Fed 

50. 

63. 

77. 

79. 

82. 

53. 

56. 

70. 

75. 

58. 

60. 

63. 

62. 

61. 

62. 

64. 

63. 

64. 

66 . 

68. 

69. 

69. 

68. 

67. 

68. 

67. 

69. 

71. 

77. 

60. 

61 . 

62. 

63. 

63. 

66 . 

67. 

65. 

65. 

66 . 

70. 

68. 

70. 

70. 


Sys 

Num 

436 

437 

438 

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

452 

453 

454 

455 

456 

457 

458 

459 

460 

461 

462 

463 

464 

465 

466 

467 

468 

469 

470 

471 

472 

473 

474 

475 


K32 


(continued) 


Total  Cost 

Network  Nodes  $/T  DP  Fed 


22,52,71,41 

305. 

22,52,71,41 

345. 

22,52,71,42,82,89 

252. 

22,52,71,42,82,111 

268. 

23,52,72,41 

252. 

23,52,72,41 

260. 

23,52,72,41 

270. 

23,52,72,41 

271. 

23,52,72,41 

286. 

23,52,72,41 

290. 

23,52,72,41 

294. 

23,52,72,41 

304. 

23,52,72,41 

305. 

23,52,72,41 

306. 

23,52,72,41 

310. 

22,51,72,41 

255. 

22,51,72,41 

263. 

22,51,72,41 

266 . 

22,51,72,41 

268. 

22,51,72,41 

269. 

22,51,72,41 

269. 

22,51,72,41 

273. 

22,51,72,41 

276. 

22,51,72,41 

281. 

22,51,72,41 

284. 

22,51,72,41 

285. 

22,51,72,41 

289. 

22,51,72,41 

295. 

22,51,72,41 

295. 

22,51,72,41 

295. 

22,51,72,41 

299. 

22,51,72,41 

300. 

22,51,72,41 

305. 

22,51,72,41 

305. 

22,52,74,41 

256. 

22,52,74,41 

258. 

22,52,74,41 

267. 

22,52,74,41 

271. 

22,52,74,41 

278. 

22,52,74,41 

282. 

22,52,74,41 

295. 

22,52,74,41 

296. 

(nearest  $) 
$/T  DM  Fed 

70. 

77. 

58. 

60. 

59. 

63. 

64. 

66 . 

67. 

69. 

72. 

73. 

71. 

71. 

70. 

63. 

64. 

66. 

64. 

66. 

64. 

66 . 

68. 

66 . 

67. 

69. 

70. 

67. 

70. 

69. 

71. 

70. 

72. 

73. 

64. 

64. 

66 . 

66. 

66 . 

67. 

70. 

71. 


478 

479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 

491 

492 

493 

494 

495 

496 

49  7 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515 

516 

517 


K33 


(continued) 


Total  Cost 

Network  Nodes  $/T  DP  Fed 


22,52,74,41 

298. 

22,52,74,41 

302. 

22,52,74,41 

305. 

22,52,74,41 

316. 

23,52,74,41 

256. 

23,52,74,41 

263. 

23,52,74,41 

267. 

23,52,74,41 

272. 

23,52,74,41 

274. 

23,52,74,41 

274. 

23,52,74,41 

275. 

23,52,74,41 

280. 

23,52,74,41 

283. 

23,52,74,41 

283. 

23,52,74,41 

283. 

23,52,74,41 

291. 

23,52,74,41 

294. 

23,52,74,41 

295. 

23,52,74,41 

305. 

23,52,74,41 

311. 

23,52,73,41 

257. 

23,52,73,41 

263. 

23,52,73,41 

267. 

23,52,73,41 

277  . 

23,52,73,41 

278. 

23,52,73,41 

278. 

23,52,73,41 

283. 

23,52,73,41 

292. 

23,52,73,41 

295. 

21,52,72,41 

258. 

21,52,72,41 

260. 

21,52,72,41 

267. 

21,52,72,41 

268. 

21,52,72,41 

271. 

21,52,72,41 

290. 

21,52,72,41 

292. 

21,52,72,41 

29  7. 

21,52,72,41 

298. 

21,52,72,41 

299. 

21,52,72,41 

317. 

21,52,72,41 

319. 

21,52,72,41 

355. 

(nearest  $) 
$/T  DM  Fed 

72. 

72. 

73. 

73. 

63. 

64. 

63. 

65. 

68. 

65. 

65. 

68. 

69. 

67. 

69. 

70. 

68. 

67. 

72. 

73. 

62. 

65. 

63. 

68. 

66. 

66 . 

66 . 

70. 

71. 

62. 

62. 

63. 

62. 

63. 

67. 

69. 

69. 

68. 

70. 

71. 

69. 

80. 


Sys 

Num 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

535 

536 

537 

538 

539 

540 

541 

542 

543 

544 

545 

546 

547 

548 

549 

550 

551 

552 

553 

554 

555 

556 

557 


K34 


( continued) 


Network  Nodes 


Total  Cost  (nearest  $) 

$/T  DP  Fed  $/T  DM  Fed 


24,52,71,41 

260. 

64. 

24,52,71,41 

268. 

66 . 

24,52,71,41 

275. 

66 . 

24,52,71,41 

284. 

69. 

24,52,71,41 

287. 

68. 

24,52,71,41 

287. 

67. 

24,52,71,41 

288. 

69. 

24,52,71,41 

288. 

70. 

24,52,71,41 

295. 

69. 

24,52,71,41 

298. 

71. 

24,52,71,41 

298. 

69. 

24,52,71,41 

300. 

71. 

24,52,71,41 

300. 

73. 

24,52,71,41 

300. 

72. 

24,52,71,41 

304. 

75. 

24,52,71,41 

305. 

72. 

24,52,71,41 

314. 

72. 

24,52,71,41 

334. 

74. 

24,52,71,41 

337. 

75. 

21,52,74,41 

260. 

63. 

21,52,74,41 

264. 

64. 

21,52,74,41 

274. 

64. 

21,52,74,41 

276. 

66 . 

21,52,74,41 

283. 

69. 

21,52,74,41 

284. 

67. 

21,52,74,41 

293. 

65. 

21,52,74,41 

298. 

70. 

21,52,74,41 

299. 

69. 

23,51,72,41 

262. 

64. 

23,51,72,41 

273. 

66 . 

23,51,72,41 

275. 

66 . 

23,51,72,41 

284. 

69. 

23,51,72,41 

284. 

69. 

23,51,72,41 

285. 

68. 

23,51,72,41 

285. 

69. 

23,51,72,41 

287. 

67 . 

23,51,72,41 

301. 

70. 

23,51,72,41 

305. 

72. 

23,51,72,41 

307. 

74. 

23,51,72,41 

321. 

71. 

23,51,72,41 

325. 

75 . 

561 

562 

563 

564 

565 

566 

567 

568 

569 

570 

571 

572 

573 

574 

575 

576 

577 

578 

579 

580 

581 

582 

583 

584 

585 

586 

587 

588 

589 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 


K35 


( continued) 


Network  Nodes 


Total  Cost 
$/T  DP  Fed 


23,52,71,41 

262. 

23,52,71,41 

271. 

23,52,71,41 

274. 

23,52,71,41 

276. 

23,52,71,41 

277. 

23,52,71,41 

281. 

23,52,71,41 

281. 

23,52,71,41 

283. 

23,52,71,41 

283. 

23,52,71,41 

284. 

23,52,71,41 

301. 

24,52,72,41 

263. 

24,52,72,41 

269. 

24,52,72,41 

294. 

24,52,72,41 

296. 

24,52,72,41 

298. 

24,52,72,41 

298. 

24,52,72,41 

304. 

24,52,72,41 

313. 

24,52,72,41 

321. 

24,52,72,41 

373. 

24,52,74,41 

263. 

24,52,74,41 

273. 

24,52,74,41 

278. 

24,52,74,41 

279. 

24,52,74,41 

281. 

24,52,74,41 

285. 

24,52,74,41 

286. 

24,52,74,41 

287. 

24,52,74,41 

287. 

24,52,74,41 

295. 

24,52,74,41 

296. 

24,52,74,41 

299. 

24,52,74,41 

299. 

24,52,74,41 

311. 

24,52,74,41 

312. 

24,52,74,41 

319. 

24,52,74,41 

330. 

21,52,73,41 

265. 

21,52,73,41 

267. 

21,52,73,41 

273  . 

21,52,73,41 

278. 

(nearest  $) 
$/T  DM  Fed 

62. 

64. 

66. 

63. 

64. 

66 . 

67. 

66 . 

66 . 

67. 

73. 

65. 

67. 

71. 

68. 

70. 

71. 

73. 

73. 

71. 

84. 

65. 

67. 

69. 

68. 

68. 

69. 

70. 

70. 

68. 

71. 

71. 

74. 

69. 

76. 

73. 

74. 

74. 

63. 

63. 

65. 

65. 


Sys 

Nun 

603 

604 

605 

606 

607 

608 

609 

610 

611 

612 

613 

614 

615 

616 

617 

618 

619 

620 

621 

622 

623 

624 

625 

626 

627 

628 

629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

639 

640 

641 

642 


K36 


(continued) 


Total  Cost 

Network  Nodes  $/T  DP  Fed 


21,52,73,41 

280. 

21,52,73,41 

280. 

21,52,73,41 

288. 

21,52,73,41 

302. 

21,52,73,41 

303. 

21,52,73,41 

305. 

21,52,73,41 

310. 

24,51,72,41 

265. 

24,51,72,41 

268. 

24,51,72,41 

283. 

24,51,72,41 

285. 

24,51,72,41 

289. 

24,51,72,41 

295. 

24,51,72,41 

297. 

24,51,72,41 

299. 

24,51,72,41 

301. 

24,51,72,41 

302. 

24,51,72,41 

313. 

24,51,72,41 

318. 

24,51,72,41 

341. 

22,52,73,41 

266. 

22,52,73,41 

267. 

22,52,73,41 

270. 

22,52,73,41 

271. 

22,52,73,41 

272. 

22,52,73,41 

280. 

22,52,73,41 

283. 

22,52,73,41 

284. 

22,52,73,41 

292. 

22,52,73,41 

300. 

21,51,72,41 

266. 

21,51,72,41 

283. 

21,51,72,41 

283. 

21,51,72,41 

283. 

21,51,72,41 

289. 

21,51,72,41 

290. 

21,51,72,41 

298. 

21,51,72,41 

301. 

21,51,72,41 

315. 

21,51,72,41 

315. 

21,51,72,41 

318. 

21,51,72,41 

335. 

21,51,72,41 

337. 

(nearest  $) 
$/T  DM  Fed 

67. 

65. 

69. 

71. 

68. 

71. 

72. 

64. 

66. 

67. 

68. 

69. 

72. 

73. 

72. 

72. 

71. 

76. 

77. 

78. 

64. 

64. 

66. 

66 . 

68. 

66 . 

69. 

67. 

68. 

69. 

63. 

66 . 

67. 

67. 

68. 

68. 

70. 

71. 

74. 

72. 

73. 

77. 

72. 


. 

646 

647 

648 

649 

650 

651 

652 

653 

654 

655 

656 

657 

658 

659 

660 

661 

662 

663 

664 

665 

666 

667 

668 

669 

670 

671 

672 

673 

674 

675 

676 

677 

678 

679 

680 

681 

682 

683 


K37 


(continued) 


Total  Cost 

Network  Nodes  $/T  DP  Fed 


22,51,71,41 

268. 

22,51,71,41 

281. 

22,51,71,41 

282. 

22,51,71,41 

284. 

22,51,71,41 

288. 

22,51,71,41 

291. 

22,51,71,41 

302. 

22,51,71,41 

303. 

22,51,71,41 

303. 

22,51,71,41 

304. 

22,51,71,41 

312. 

22,51,71,41 

323. 

22,51,71,41 

330. 

21,52,71,41 

270. 

21,52,71,41 

275. 

21,52,71,41 

277  . 

21,52,71,41 

283. 

21,52,71,41 

283. 

21,52,71,41 

285. 

21,52,71,41 

294. 

21,52,71,41 

303. 

21,52,71,41 

316. 

21,51,71,41 

272. 

21,51,71,41 

275. 

21,51,71,41 

276. 

21,51,71,41 

294. 

21,51,71,41 

298. 

21,51,71,41 

315. 

21,51,71,41 

334. 

23,51,74,41 

273. 

23,51,74,41 

287. 

23,51,74,41 

288. 

23,51,74,41 

293. 

23,51,74,41 

306. 

23,51,74,41 

306. 

23,51,74,41 

350. 

23,51,74,41 

353. 

24,52,73,41 

273. 

24,52,73,41 

276. 

24,52,73,41 

283. 

24,52,73,41 

288. 

(nearest  $) 
$/T  DM  Fed 

63. 

68. 

67. 

68. 

68. 

69. 

69. 

71. 

72. 

72. 

69. 

73. 

78. 

62. 

64. 

65. 

66  . 

66  . 

66 . 

69. 

70. 

71. 

64. 

65. 

66 . 

70. 

71. 

73. 

75. 

67. 

69. 

71. 

71. 

75. 

75. 

83. 

82. 

68. 

69. 

69. 

72. 


Sys 

Nun 

687 

688 

689 

690 

691 

692 

693 

694 

695 

696 

697 

698 

699 

700 

701 

702 

703 

704 

705 

706 

707 

708 

709 

710 

711 

712 

713 

714 

715 

716 

717 

718 

719 

720 

721 

722 

723 

724 


K38 


(continued) 


Network  Nodes 

Total  Cost 
$/T  DP  Fed 

24,52,73,41 

288. 

24,52,73,41 

290. 

24,52,73,41 

301. 

24,51,71,41 

275. 

24,51,71,41 

275. 

24,51,71,41 

283. 

24,51,71,41 

287. 

24,51,71,41 

289  . 

24,51,71,41 

290. 

24,51,71,41 

301. 

24,51,71,41 

301. 

24,51,71,41 

302. 

24,51,71,41 

313. 

24,51,71,41 

320. 

24,51,71,41 

333. 

24,51,71,41 

338. 

24,51,74,41 

275. 

24,51,74,41 

290. 

24,51,74,41 

294. 

24,51,74,41 

299. 

24,51,74,41 

303. 

24,51,74,41 

307. 

24,51,74,41 

322. 

24,51,74,41 

327  . 

24,51,74,41 

335. 

24,51,74,41 

340. 

24,51,74,41 

348. 

23,51,71,41 

280. 

23,51,71,41 

283. 

23,51,71,41 

287  . 

23,51,71,41 

289  . 

23,51,71,41 

292. 

23,51,71,41 

301. 

23,51,71,41 

302. 

23,51,71,41 

304. 

23,51,71,41 

304. 

23,51,71,41 

307. 

23,51,71,41 

310. 

21,51,74,41 

2  81. 

21,51,74,41 

292. 

21,51,74,41 

294. 

21,51,74,41 

301. 

21,51,74,41 

302. 

(nearest  $) 
T/T  DM  Fed 

70. 

70. 

72. 

68. 

68. 

68. 

69. 

70. 

69. 

74. 

72. 

68. 

74. 

76. 

80. 

77. 

68. 

70. 

73. 

75. 

72. 

74 . 

80. 

80. 

82. 

78. 

86. 

65. 

68. 

69  . 

69. 

70. 

72. 

71. 

74. 

72. 

73. 

72. 

67. 

70. 

69. 

72. 

72. 


Sys 

Num 

730 

731 

732 

733 

734 

735 

736 

737 

738 

739 

740 

741 

742 

743 

744 

745 

746 

747 

748 

749 

750 

751 

752 

753 

754 

755 

756 

757 

758 

759 

760 

761 

762 

763 

764 

765 

766 

767 

768 

769 


K39 


(continued) 


Network  Nodes 

Total  Cost 
$/T  DP  Fed 

21,51,74,41 

305. 

21,51,74,41 

311. 

21,51,74,41 

312. 

21,51,74,41 

314. 

21,51,74,41 

317. 

21,51,74,41 

317. 

21,51,74,41 

319. 

21,51,74,41 

321. 

21,51,74,41 

330. 

21,51,74,41 

354. 

22,51,73,41 

283. 

22,51,73,41 

304. 

22,51,73,41 

305. 

22,51,73,41 

308. 

22,51,73,41 

323. 

22,51,73,41 

327. 

22,51,73,41 

331. 

22,51,73,41 

333. 

22,51,73,41 

334. 

22,51,73,41 

350. 

22,51,73,41 

361. 

22,51,73,41 

363. 

22,51,74,41 

283. 

22,51,74,41 

285. 

22,51,74,41 

285. 

22,51,74,41 

287. 

22,51,74,41 

300. 

22,51,74,41 

304. 

22,51,74,41 

308. 

22,51,74,41 

316. 

22,51,74,41 

318. 

22,51,74,41 

328. 

22,51,74,41 

331. 

21,51,71,42,82,89 

291. 

21,51,71,42,82,89 

324. 

21,51,71,42,82,89 

427. 

21,51,73,41 

306. 

21,51,73,41 

324. 

21,51,73,41 

340. 

21,41,73,41 

341. 

21,51,73,41 

345. 

21,51,73,41 

350. 

(nearest  $) 
$/T  DM  Fed 

72. 

74. 

70. 

74. 

73. 

75. 

76. 

76. 

78. 

80. 

71. 

76. 

75. 

77. 

80. 

82. 

80. 

80. 

83. 

82. 

85. 

89. 

71. 

70. 

68. 

70. 

74. 

75. 

74. 

74. 

76. 

79. 

82. 

67. 

72. 

94. 

73. 

76. 

80. 

80. 

84. 

84. 


. 

. 

772 

773 

774 

775 

776 

777 

778 

779 

780 

781 

782 

783 

784 

785 

786 

787 

788 

789 

790 

791 

792 
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( continued) 


Network  Nodes 


Total  Cost 
$/T  DP  Fed 


21,51,73,41 

362. 

21,51,73,41 

386. 

23,51,73,41 

308. 

23,51,73,41 

309. 

23,51,73,41 

331. 

23,51,73,41 

332. 

23,51,73,41 

334. 

23,51,73,41 

337. 

23,51,73,41 

340. 

23,51,73,41 

357. 

24,51,73,41 

337. 

24,51,73,41 

340. 

24,51,73,41 

342. 

24,51,73,41 

343. 

24,51,73,41 

345. 

24,51,73,41 

347. 

24,51,73,41 

356. 

24,51,73,41 

357. 

24,51,73,41 

382. 

24,51,73,41 

385. 

24,51,73,41 

406. 

(nearest  $) 
$/T  DM  Fed 

85. 

92. 

76. 

76. 

79. 

78. 

80. 

81. 

82. 

85. 

81. 

80. 

83. 

82. 

83. 

83. 

86. 

89  . 

92. 

89. 

97. 


K41 


TABLE 

K3.  FORAGE  HANDLING  SYSTEMS  SIMULATED  FOR  200 

ACRES  - 

PRE-CUT  HARVESTING. 

Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

1 

36,44,62,52,71,91,93,96,101,110 

124. 

28. 

2 

36,44,62,52,71,91,92,96,103,110 

146. 

32. 

3 

36,44,62,52,71,94,101,98,110 

260. 

54. 

4 

37,44,61,52,72,91,93,96,102,110 

127. 

29. 

5 

37,44,61,52,72,94,101,99,110 

242. 

51. 

6 

36,44,61,52,71,91,92,97,103,114 

128. 

29. 

7 

36,44,61,52,71,91,92,96,103,110 

143. 

34. 

8 

36,44,61,52,71,91,93,97,103,110 

145. 

33. 

9 

36,44,61,52,71,91,93,97,103,114 

169. 

38. 

10 

35,44,61,52,72,91,93,96,102,114 

131. 

29. 

11 

35,44,61,52,72,91,93,96,101,110 

164. 

36. 

12 

35,44,61,52,72,91,93,96,103,114 

169. 

34. 

13 

35,44,61,52,72,91,93,97,102,110 

210. 

45. 

14 

37,44,61,52,71,91,93,96,102,110 

131. 

30. 

15 

37,44,61,52,71,91,92,96,101,110 

170. 

37. 

16 

37,44,61,52,71,91,92,96,102,114 

173. 

37. 

17 

37,44,61,52,71,94,102,99,114 

178. 

40. 

18 

37,44,61,52,71,94,101,98,114 

191. 

43. 

19 

37,44,61,52,71,91,92,97,102,110 

213. 

44. 

20 

36,43,62,52,72,91,93,96,103,114 

134. 

32. 

21 

36,43,62,52,72,91,93,96,103,110 

143. 

32. 

22 

36,43,62,52,72,91,93,97,103,114 

158. 

35. 

23 

36,43,62,52,72,91,93,97,103,110 

163. 

36. 

24 

36,43,62,52,72,91,93,96,103,110 

173. 

37. 

25 

36,43,62,52,72,94,103,98,114 

191. 

42. 

26 

36,44,62,52,72,91,93,97,103,114 

142. 

32. 

27 

36,44,62,52,72,91,93,97,103,114 

154. 

35. 

28 

36,44,62,52,72,91,93,96,102,110 

159. 

36. 

29 

36,44,62,52,72,94,101,98,114 

203. 

47. 

30 

36,44,62,52,72,91,93,96,101,110 

205. 

43. 

31 

37,43,62,52,71,91,93,97,103,114 

143. 

32. 

32 

37,43,62,52,71,91,92,97,103,114 

150. 

34. 

33 

37,43,62,52,71,91,92,96,103,114 

157. 

35. 

34 

37,43,62,52,71,94,103,99,114 

285. 

55. 

35 

36,44,61,51,72,91,93,97,102,114 

144. 

33. 

36 

36,44,61,51,72,91,93,96,103,110 

154. 

34. 

37 

36,44,61,51,72,91,93,97,101,114 

189. 

41. 

TABLE  K3.  (continued) 


Machinery 

System 


Number  Network  Nodes 

38 

35,43,61,52,72,91,93,96,103, 

39 

35,43,61,52,72,91,93,96,103, 

40 

35,43,61,52,72,94,103,99,110 

41 

35,43,61,52,72,94,103,99,114 

42 

36,44,62,51,71,91,92,97,102, 

43 

36,44,62,51,71,91,93,97,102, 

44 

36,44,62,51,71,91,92,96,101, 

45 

36,44,62,51,71,94,102,98,114 

46 

36,44,62,51,71,91,92,97,101, 

47 

36,43,62,51,71,91,92,96,103, 

48 

36,43,62,51,71,91,93,96,103, 

49 

36,43,62,51,71,94,103,98,110 

50 

36,43,62,51,71,94,103,98,110 

51 

36,43,62,51,71,94,103,98,110 

52 

36,44,63,52,72,91,93,97,102, 

53 

36,44,63,52,72,91,93,96,103, 

54 

36,44,63,52,72,91,93,96,101, 

55 

36,44,63,52,72,91,93,97,101, 

56 

36,44,63,52,72,91,93,97,102, 

57 

36,44,63,52,72,94,101,98,114 

58 

36,44,63,52,72,94,102,98,110 

59 

37,43,62,51,71,91,93,97,103, 

60 

37,43,62,51,71,91,93,96,103, 

61 

37,43,62,51,71,94,103,98,110 

62 

37,43,61,52,71,91,92,96,103, 

63 

37,43,61,52,71,94,103,98,114 

64. 

37,43,61,52,94,103,99,114 

65 

37,43,61,52,71,94,103,98,114 

66 

35,44,62,52,72,91,93,97,103, 

67 

35,44,62,52,72,91,93,97,101, 

68 

35,44,62,52,72,91,93,97,101, 

69 

36,44,62,51,72,91,93,97,102, 

70 

36,44,62,51,72,94,101,98,114 

71 

36,44,62,51,72,94,103,99,114 

72 

36,44,61,52,73,91,93,96,102, 

73 

36,44,61,52,73,91,92,96,102, 

74 

36,44,61,52,73,94,102,99,114 

75 

36,44,61,52,73,94,102,98,114 

K42 


Total  cost 

(nearest  $) 

$/T  DP  Fed 

$/T  DM  Fed 

154. 

35. 

162. 

35. 

222. 

49. 

237. 

47. 

155. 

36. 

164. 

37. 

186. 

42. 

212. 

48. 

216. 

49. 

156. 

36. 

211. 

47. 

247. 

54. 

273. 

60. 

278. 

65. 

157. 

37. 

172. 

38. 

173. 

39. 

206. 

45. 

239. 

56. 

246. 

56. 

273. 

60. 

157. 

35. 

222. 

47. 

291. 

64. 

159. 

36. 

175. 

39. 

217. 

47. 

259. 

54. 

159. 

33. 

199. 

42. 

249. 

51. 

160. 

36. 

207. 

48. 

236. 

54. 

161. 

38. 

194. 

45. 

213. 

48. 

228. 

48. 

110 

110 

114 

110 

114 

114 

110 

110 

114 

110 

110 

110 

110 

110 

110 

114 

110 

114 

114 

110 

114 

114 


• 
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Machinery 


System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

76 

36,43,61,52,72,91,93,97,103,110 

165. 

36. 

77 

36,43,61,52,72,94,103,98,114 

181. 

42. 

78 

36,43,61,52,72,94,103,99,110 

213. 

48. 

79 

36,43,61,52,72,94,103,99,114 

256. 

57. 

80 

37,43,61,52,72,91,93,97,103,114 

167. 

37. 

81 

37,43,61,52,72,91,93,96,103,114 

199. 

42. 

82 

37,43,61,52,72,94,103,98,114 

220. 

49. 

83 

37,43,61,52,72,94,103,99,114 

229. 

52. 

84 

36,44,61,51,71,91,92,96,103,114 

168. 

37. 

85 

36,44,61,51,71,91,92,97,103,114 

175. 

41. 

86 

36,44,61,51,71,91,93,96,101,114 

203. 

47. 

87 

36,44,61,51,71,91,93,97,101,114 

207. 

44. 

88 

36,44,61,51,71,91,93,97,102,114 

221. 

46 . 

89 

36,44,61,51,71,94,103,98,110 

253. 

59. 

90 

36,44,61,51,71,94,101,99,114 

256. 

57. 

91 

37,44,63,52,72,91,93,96,101,110 

169. 

38. 

92 

37,44,63,52,72,94,103,98,114 

208. 

47. 

93 

37,44,63,52,72,91,93,97,103,114 

230. 

52. 

94 

37,44,63,52,72,94,102,99,110 

312. 

63. 

95 

37,44,62,51,71,91,92,97,101,110 

170. 

39. 

96 

37,44,62,51,71,91,93,97,103,114 

226. 

47. 

97 

36,43,61,51,71,91,93,97,103,110 

171. 

38. 

98 

36,43,61,51,71,91,92,97,103,110 

221. 

45. 

99 

36,43,61,51,71,94,103,98,114 

238. 

55. 

100 

36,43,61,51,71,94,103,98,110 

279. 

64. 

101 

35,44,61,51,71,94,103,99,114 

174. 

39. 

102 

35,44,61,51,71,94,103,98,110 

237. 

54. 

103 

35,44,61,51,71,91,92,96,102,110 

254. 

52. 

104 

37,44,63,52,71,91,92,96,102,110 

174. 

39. 

105 

37,44,63,52,71,91,92,97,102,114 

185. 

40. 

106 

37,44,63,52,71,94,103,99,114 

254. 

57. 

107 

37,44,63,52,71,91,93,97,102,114 

273. 

59. 

108 

36,43,62,51,72,91,93,97,103,110 

174. 

39. 

109 

36,43,62,51,72,94,103,99,110 

244. 

57. 

110 

36,43,62,51,72,94,103,98,110 

285. 

63. 

111 

37,44,62,52,73,91,92,97,101,110 

176. 

40. 

112 

37,44,62,52,73,91,92,97,102,110 

218. 

48. 

113 

37,44,62,52,73,94,101,98,114 

218. 

50. 

114 

37,44,62,52,73,94,103,99,110 

265. 

59. 

K44 


TABLE  K3.  (continued) 


Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

115 

35,44,62,51,72,91,93,97,102,110 

177. 

39. 

116 

35,44,62,51,72,91,93,96,102,114 

206. 

44. 

117 

35,44,62,51,72,94,102,98,114 

254. 

55. 

118 

37,44,62,52,71,91,93,97,102,110 

177. 

40. 

119 

37,44,62,52,71,94,102,98,110 

202. 

45. 

120 

37,44,62,52,71,94,101,98,110 

214. 

46. 

121 

37,44,62,52,71,94,101,98,110 

218. 

49. 

122 

37,44,62,52,71,91,92,96,103,110 

219. 

42. 

123 

36,43,62,52,74,91,93,97,103,110 

177. 

42. 

124 

36,43,62,52,74,94,103,99,110 

229. 

52. 

125 

36,43,62,52,74,94,103,99,114 

236. 

53. 

126 

36,43,62,52,74,94,103,98,114 

254. 

54. 

127 

36,43,62,52,71,91,93,96,103,110 

178. 

37. 

128 

36,43,62,52,71,94,103,99,114 

187. 

42. 

129 

35,43,62,52,71,91,92,97,103,110 

189. 

41. 

130. 

36,43,62,52,71,94,103,98,110 

252. 

54. 

131 

36,43,62,52,71,94,103,98,110 

255. 

52. 

132 

37,43,62,51,72,91,93,97,103,114 

178. 

39. 

133 

37,43,62,51,72,91,93,96,103,114 

206. 

45. 

134 

37,43,62,51,72,94,103,98,114 

238. 

54. 

135 

37,43,62,51,72,94,103,99,114 

266. 

60. 

136 

37,43,62,51,72,94,103,98,114 

308. 

65. 

137 

37,43,62,51,72,94,103,99,110 

338. 

69. 

138 

36,43,61,52,71,91,92,96,103,110 

178. 

39. 

139 

36,43,61,52,71,94,103,99,110 

193. 

45. 

140 

36,43,61,52,71,94,103,98,114 

244. 

53. 

141 

36,43,61,52,71,94,103,98,110 

278. 

60. 

142 

37,44,62,52,74,91,93,97,102,114 

178. 

41. 

143 

37,44,62,52,74,94,102,99,114 

219. 

49. 

144 

37,44,62,52,74,94,103,99,114 

235. 

53. 

145 

37,44,62,52,74,94,103,99,114 

247. 

52. 

146 

35,44,61,51,72,91,93,97,103,110 

179. 

39. 

147 

35,44,61,51,72,91,93,97,103,114 

204. 

43. 

148 

35,44,61,51,72,91,93,97,101,114 

211. 

46. 

149 

35,44,61,51,72,91,93,96,101,114 

217. 

46. 

150 

30,33,44,61,52,71,91,93,97,102,114 

180. 

40. 

151 

30,33,44,61,62,71,94,102,98,114 

237. 

48. 

152 

35,43,62,52,71,91,93,96,103,114 

182. 

39. 

153 

35,43,62,52,71,91,93,96,103,114 

215. 

46. 

-  cc  , 

■ 
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TABLE  K3,  (continued) 


Machinery 


System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DN  Fed 

154 

35,44,61,52,71,91,92,96,101,114 

183. 

40. 

155 

35,44,61,52,71,91,93,97,101,114 

199. 

44. 

156 

35,44,61,52,71,94,102,99,110 

216. 

47. 

157 

35,44,61,52,71,91,93,97,103,114 

219. 

47. 

158 

37,44,61,51,72,91,93,97,101,110 

183. 

40. 

159 

37,44,61,51,72,91,93,97,101,110 

218. 

51. 

160 

37,44,61,51,72,94,101,98,110 

272. 

61. 

161 

37,44,61,51,72,94,103,98,110 

273. 

62. 

162 

37,44,61,51,72,91,93,97,103,114 

276. 

60. 

163 

36,44,62,52,74,91,93,96,103,110 

184. 

41. 

164 

36,44,62,52,74,91,93,96,101,114 

185. 

42. 

165 

36,44,62 ,74,94,103,99,114 

234. 

54. 

166 

36,44,62,52,74,94,103,99,114 

237. 

55. 

167 

36,44,62,52,74,94,102,99,110 

244. 

56. 

168 

37,43,61,51,72,91,93,96,103,110 

186. 

40. 

169 

35,44,62,52,73,91,92,97,102,114 

186. 

43. 

170 

35,44,62,52,73,91,93,96,102,110 

196. 

44. 

171 

35,44,62,52,73,91,92,97,103,114 

222. 

48. 

172 

35,44,62,52,73,94,103,98,110 

317. 

71. 

173 

36,43,61,51,72,91,93,96,103,114 

186. 

41. 

174 

36,43,61,51,72,94,103,98,114 

227. 

52. 

175 

36,43,61,51,72,94,103,99,110 

228. 

52. 

176- 

36,43,61,51,72,94,103,98,110 

281. 

60. 

177 

36,43,61,51,72,94,103,98,110 

282. 

65. 

178 

36,43,61,51,72,94,103,99,110 

304. 

66 . 

179 

36,44,63,52,71,91,93,96,102,114 

187. 

44. 

180 

36,44,63,52,71,91,92,97,101,114 

216. 

49. 

181 

36,44,63,52,71,94,103,99,114 

242. 

55. 

182 

36,44,63,52,71,94,102,99,110  * 

262. 

61. 

183 

30,34,44,61,52,74,91,93,96,103,110 

188. 

41. 

184 

30,34,44,61,52,74,91,93,96,101,110 

244. 

53. 

185 

30,34,44,61,52,74,94,103,98,114 

276. 

56. 

186 

37,43,62,52,72,91,93,96,103,114 

188. 

41. 

187 

37,43,62,52,72,94,103,98,114 

198. 

41. 

188 

37,43,62,52,72,94,103,98,114 

222. 

48. 

189 

37,43,62,52,72,94,103,98,114 

227. 

52. 

190 

30,34,43,61,52,71,91,92,96,103,114 

189. 

41. 
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Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

191 

35,43,61,52,71,91,92,97,103,114 

189. 

41. 

192 

35,43,61,52,71,91,93,96,103,114 

218. 

48. 

193 

35,43,61,52,71,91,93,97,103,114 

273. 

53. 

194 

35,43,61,52,73,91,93,97,103,114 

189. 

43. 

195 

35,43,61,52,73,94,103,99,110 

229. 

54. 

196 

36,43,61,52,73,94,103,99,110 

233. 

53. 

197 

36,43,61,52,73,91,92,96,103,114 

234. 

53. 

198 

30,33,43,61,52,71,91,92,96,103,114 

189. 

38. 

199 

30,33,43,61,52,71,91,93,97,103,114 

194. 

42. 

200 

30,33,43,61,52,71,91,93,96,103,114 

209. 

43. 

201 

30,33,43,61,52,71,94,103,99,110 

227. 

47. 

202 

30,33,43,61,52,71,94,103,99,114 

248. 

52. 

203 

30,33,43,61,52,71,94,103,99,114 

323. 

58. 

204 

30,34,44,61,52,72,91,93,96,103,114 

191. 

38. 

205 

31,34,44,62,52,71,91,93,96,102,110 

191. 

43. 

206 

31,34,44,62,52,71,94,101,98,114 

.  239. 

49. 

207 

30,33,44,62,52,72,91,93,96,102,110 

191. 

41. 

208 

30,33,44,62,52,72,94,103,99,114 

196. 

43. 

209 

36,44,  61,52,74,91,93,96,101,110 

192. 

44. 

210 

36,44,61,52,74,94,103,98,114 

262. 

62. 

211 

35,44,62,52,74,91,93,97,103,110 

192. 

42. 

212 

36,44,62,52,74,94,103,99,114 

235. 

52. 

213 

36,43,62,52,73,91,92,96,103,110 

192. 

44. 

214 

36,43,62,52,73,91,93,96,103,110 

194. 

42. 

215 

36,43,62,52,73,91,92,96,103,114 

198. 

46. 

216 

36,43,62,52,73,91,93,96,103,110 

214. 

47. 

217 

37,43,61,52,73,91,92,97,103,114 

195. 

43. 

218 

37,43,61,52,73,91,92,96,103,110 

198. 

46. 

219 

37,43,61,52,73,91,93,97,103,114 

205. 

45. 

220 

37,43,61,52,73,94,103,99,110 

267. 

61. 

221 

37,43,61,52,73,94,103,99,114 

275. 

65. 

222 

37,43,61,52,73,94,103,98,114 

288. 

62. 

223 

37,43,61,52,73,91,93,97,103,114 

289. 

63. 

224 

37,43,61,52,73,94,103,98,114 

305. 

63. 

225 

35,43,61,52,74,94,103,99,110 

198. 

45. 

226 

35,43,61,52,74,91,93,97,103,110 

209. 

47. 

227 

35,43,61,52,74,91,93,97,103,110 

211. 

48. 
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Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

228 

35,43,61,52,74,91,93,97,103,110 

229. 

50. 

229 

35,43,61,52,74,94,103,98,110 

278. 

59. 

230 

35,43,61,52,74,91,93.97,103,110 

300. 

64. 

231 

36,44,61,52,72,94,101,98,110 

199. 

45. 

232 

31,33,43,61,52,72,91,93,97,103,110 

199. 

42. 

233 

31,33,43,61,52,72,94,103,99,114 

269. 

54. 

234 

31,33,43,61,52,72,94,103,98,114 

312. 

62. 

235 

35,43,63,52,71,91,92,96,103,114 

200. 

45. 

236 

36, 43, 62, 52, 71^94,103, 99, 114 

290. 

64 , 

237 

35,43,63,52,71,94,103,99,110 

291. 

65. 

238 

31,34,43,62,52,72,91,93,97,103,110 

200. 

43. 

239 

31,34,43,62,52,72,91,93,97,103,114 

209. 

43. 

240 

31,34,43,62,52,72,94,103,99,114 

249. 

53. 

241 

31,34,43,62,52,72,94,103,99,114 

264. 

55. 

242 

37,44,63,51,72,91,93,96,102,110 

201. 

46. 

243 

37,44,63,51,72,94,102,99,110 

372. 

80. 

244 

36,44,62,52,73,91,92,97,102,110 

202. 

47. 

245 

35,44,62,52,71,91,93,96,102,110 

203. 

43. 

246 

30,33,44,61,52,72,91,93,97,103,110 

203. 

41. 

247 

35,44,61,52,74,94,103,98,114 

205. 

47. 

248 

35,44,61,52,74,91,93,96,101,114 

207. 

46. 

249 

31,34,44,62,51,72,91,93,96,102,110 

205. 

45. 

250 

31,34,44,62,51,72,91,93,96,102,114 

228. 

48. 

251 

31,34,44,62,51,72,91,93,96,103,110 

234. 

48. 

252 

31,33,43,61,52,71,91,92,96,103,114 

206. 

44. 

253 

31,33,43,61,52,71,91,93,96,103,110 

228. 

49. 

254 

31,33,43,61,52,71,94,103,98,114 

266. 

56. 

255 

37,43,62,52,74,94,103,98,110 

206. 

47. 

256 

37,43,62,52,74,91,93,96,103,114 

210. 

45. 

257 

37,43,62,52,74,94,103,98,114 

243. 

57. 

258 

37,43,62,52,74,94,103,98,110 

249. 

59. 

259 

30,33,44,61,51,72,91,93,97,102,114 

207. 

44. 

260 

30,33,44,61,51,72,94,103,98,114 

234. 

50. 

. 
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Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

261 

37,44,63,52,73,91,93,96,102,114 

207. 

47. 

262 

37,44,63,52,73,91,93,97,102,114 

293. 

63. 

263 

37,44,63,52,73,94,102,98,110 

307. 

66. 

264 

37,44,63,52,73,94,102,99,114 

370. 

78. 

265 

36,43,63,52,71,91,92,103,110 

208. 

45. 

266 

36,43,63,52,71,94,103,99,110 

245. 

53. 

267 

36,43,63,52,71,94,103,98,110 

265. 

58. 

268 

36,43,63,52,71,94,103,98,110 

290. 

67. 

269 

37,43,62,52,73,94,103,99,114 

209. 

47. 

270 

37,43,62,52,73,91,93,96,103,114 

234. 

53. 

271 

37,43,62,52,73,91,93,96,103,114 

250. 

58. 

272 

30,34,43,62,52,71,91,93,97,103,114 

210. 

46. 

273 

30,34,43,62,52,71,91,93,97,103,114 

228. 

45. 

274 

30,34,43,62,52,71,91,93,96,103,110 

243. 

51. 

275 

30,34,43,62,52,71,94,103,99,114 

246. 

51. 

276 

35,43,62,52,73,91,93,97,103,114 

210, 

47. 

277 

35,43,62,52,73,91,93,97,103,110 

220. 

49. 

278 

35,43,62,52,73,91,92,96,103,110 

223. 

47. 

279 

35,43,62,52,73,91,92,97,103,114 

234. 

51. 

280 

35,43,62,52,73,94,103,98,110 

252, 

58. 

281 

30,33,44,61,52,73,91,92,103,110 

211. 

46. 

282 

30,33,44,61,52,73,94,101,98,114 

304. 

60. 

283  ~ 

35,43,61,51,72,91,93,97,103,110 

212. 

44. 

284 

35,43,61,51,72,91,93,96,103,114 

254. 

50. 

285 

35,43,61,51,72,94,103,98,110 

267. 

57. 

286 

31,33,44,61,52,71,91,93,96,102,110 

213. 

43. 

287 

31,33,44,61,52,71,94,101,98,110 

287. 

62. 

288 

31,33,44,61,52,73,91,93,96,102,110 

213. 

47. 

289 

30,34,44,62,51,71,91,93,97,102,110 

213. 

46. 

290 

36,43,61,52,74,91,93,97,103,114 

213. 

50. 

291 

36,43,61,52,74,94,103,98,110 

232. 

53. 

292 

31,33,44,61,52,72,94,101,98,114 

215. 

45. 

293 

31,33,44,61,52,72,94,103,99,110 

276. 

55. 

294 

35,44,61,51,73,91,92,97,103,110 

216. 

49. 

295 

36,44,61,51,73,94,101,99,114 

330. 

73. 

296 

30,34,44,61,52,73,91,93,96,101,114 

217. 

49. 
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System  Total  cost  (nearest  $) 


Number 

Network  Nodes  $/T  DP  Fed 

$/T  DM  Fed 

297 

35,44, 

,63,52,71,91,92,96,101,110 

218. 

50. 

298 

35,44, 

63,52,71,91,92,97,101,114 

245. 

50. 

299 

35,44, 

,63,52,71,94,102,99,110 

278. 

61. 

300 

30,33, 

,43,62,51,72,91,93,97,103,114 

218. 

45. 

301 

30,33, 

,43,62,51,72,91,93,27,103,110 

239. 

52. 

302 

31,34, 

,43,61,52,74,91,93,96,103,110 

219. 

48. 

303 

37,43, 

,63,51,72,91,93,97,103,114 

219. 

48. 

304 

37,43, 

,63,51,72,91,93,97,103,110 

238. 

55. 

305 

37,43, 

,63,51,72,91,93,96,103,114 

264, 

55. 

306 

30,34, 

,43,62,52,72,91,93,96,103,114 

220. 

43. 

307 

30,33, 

,43,62,52,71,91,93,97,103,114 

221. 

49. 

308 

30,33, 

,43,62,52,71,94,103,98,114 

235. 

51. 

309 

30,33, 

,43,62,52,71,94,103,99,114 

281. 

57. 

310 

30,33, 

,43,61,52,72,91,93,97,103,110 

221. 

44. 

311 

37,44, 

,62,51,72,91,93,96,102,110 

222. 

47. 

312 

37,44, 

,62,51,72,94,101,98,110 

246. 

55. 

313 

37,44, 

,62,51,72,94,102,99,114 

272. 

62. 

314 

37,43, 

,61,51,71,91,93,96,103,114 

223. 

47. 

315 

37,43, 

,63,52,71,91,92,96,103,110 

223. 

51. 

316 

37,43, 

,63,52,71,94,103,99,110 

290. 

67. 

317 

37,43, 

,63,52,71,94,103,98,110 

328. 

69. 

318 

37,43, 

,63,52,71,94,103,98,114 

356. 

68. 

319 

37,43, 

,63,52,71,94,103,98,110 

371. 

76. 

320 

37,43, 

,63,51,71,91,93,97,103,110 

223. 

51. 

321 

37,43, 

,63,51,71,91,93,97,103,114 

251. 

56. 

322 

37,43, 

,63,51,71,91,92,96,103,114 

262. 

58. 

323 

37,43, 

,63,51,71,94,103,98,114 

290. 

62. 

324 

31,33, 

,43,61,51,72,91,93,97,103,114 

224. 

48. 

325 

31,33, 

,43,61,51,72,94,103,99,114 

327. 

66. 

326 

31,33 

,44,61,52,74,91,93,96,101,110 

224. 

48. 

327 

31,33 

,44,61,52,74,91,93,97,102,114 

231. 

48. 

328 

31,33 

,44,61,52,74,94,102,98,114 

271. 

53. 

329 

37,44. 

,61,52,73,91,93,97,101,110 

224. 

51. 

330 

37,44 

,61,52,73,94,101,99,110 

290. 

67. 

* 

. 
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System  Total  cost  (nearest  $) 

Number  Network  Nodes  $/T  DP  Fed  $/T  DM  Fed 


331 

30,34,43,61,52,73,94,103,98,114 

225. 

49. 

332 

37,44,61,52,74,91,93,96,101,114 

225. 

50. 

333 

37,44,61,52,74,94,103,99,110 

259. 

61. 

334 

37,44,61,52,74,94,101,98,110 

277. 

58. 

335 

31,34,43,62,51,71,91,93,97,103,110 

226. 

49. 

336 

31,34,43,62,51,71,94,103,99,114 

264. 

55. 

337 

31,34,43,62,51,71,94,103,98,110 

300. 

63. 

338 

30,33,44,61,52,74,91,93,97,103,114 

227. 

47. 

339 

30,33,44,61,52,74,94,103,99,114 

242. 

53. 

340 

30,33,44,61,52,74,91,93,97,103,114 

243. 

55. 

341 

30,33,44,61,52,74,94,103,99,114 

266. 

58. 

342 

30,33,44,61,52,74,94,103,98,114 

266. 

54. 

343 

30,33,44,61,52,74,94,103,99,110 

362. 

69. 

344 

30,34,44,63,52,71,91,93,96,103,114 

227. 

47. 

345 

30,33,44,62,51,72,91,93,96,103,114 

227. 

49. 

346 

30,33,44,62,51,72,91,93,97,101,114 

243. 

52. 

347 

30,33,44,62,51,72,94,102,98,110 

296. 

65. 

348 

35,43,62,51,71,91,93,96,103,110 

228. 

47. 

349 

30,34,43,63,52,72,91,93,96,103,110 

229. 

51. 

350 

30,34,43,63,52,72,94,103,98,114 

299. 

64. 

351 

30,34,43,63,52,72,94,103,99,110 

439. 

79. 

352 

35,43,61,51,71,91,92,96,103,114 

229. 

50. 

353 

35,43,61,51,71,94,103,99,114 

268. 

58. 

354 

35,43,61,51,71,94,103,98,114 

319. 

67. 

355 

35,43,62,52,74,91,93,97,103,110 

230. 

50. 

356 

35,43,62,52,74,91,93,96,103,110 

239. 

50. 

357 

35,43,62,52,74,94,103,99,114 

257. 

56. 

358 

35,44,61,52,73,94,101,98,114 

230. 

49. 

359 

35,44,61,52,73,94,102,98,114 

247. 

51. 

360 

35,44,61,52,73,94,101,98,110 

262. 

57. 

361 

37,43,61,51,74,91,93,96,103,110 

230. 

54. 

362 

37,43,61,51,74,91,93,96,103,114 

241. 

56. 

363 

37,43,61,51,74,91,93,97,103,110 

248. 

57. 

364 

37,43,61,51,74,91,93,96,103,110 

270. 

60. 

365 

37,43,61,51,74,91,93,97,103,114 

294. 

63. 

366 

37,43,61,51,74,91,93,96,103,114 

299. 

63. 

367 

37,43,61,51,74,94,103,98,110 

300. 

71. 
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Number 
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368 

37,43,61,51,74,91,93,97,103,114 

304. 

61. 

369 

37,43,61,51,73,91,93,97,103,110 

340. 

76. 

370 

37,43,61,51,74,94,103,99,110 

350. 

81. 

371 

37,43,61,51,74,94,103,99,110 

368. 

84. 

372 

37,43,61,51,74,94,103,98,110 

416. 

86. 

373 

30,34,44,62,52,74,91,93,97,103,114 

230. 

46. 

374 

30,34,44,62,52,74,94,102,99,114 

269. 

59. 

375 

30,34,44,62,52,74,94,103,98,114 

347. 

70. 

376 

36,44,61,51,74,91,93,97,102,110 

230. 

51. 

377 

36,44,61,51,74,91,93,97,101,110 

259. 

58. 

378 

36,44,61,51,74,94,101,99,114 

323. 

76. 

379 

30,33,43,61,51,71,91,92,97,103,114 

231. 

•c- 

00 

• 

380 

30,34,43,62,52,74,91,93,96,103,114 

231. 

48. 

381 

30,34,43,62,52,74,91,93,96,103,114 

236. 

51. 

382 

30,34,43,62,52,74,91,93,97,103,110 

298. 

61. 

383 

30,34,43,62,52,74,91,93,96,103,114 

302. 

58. 

384 

30,34,43,62,52,74,94,103,98,110 

311. 

63. 

385 

31,34,43,61,52,71,91,92,96,103,114 

233. 

47. 

386 

31,34,43,61,52,71,94,103,98,114 

238. 

51. 

387 

31,34,43,61,52,71,94,103,98,114 

311. 

66. 

388 

31,34,44,61,52,71,94,103,99,114 

235. 

50. 

389 

31,34,43,62,51,72,91,93,97,103,110 

236. 

49. 

390 

31,34,43,62,51,72,94,103,99,110 

327. 

72. 

391 

35,44,61,51,74,91,93,97,102,114 

237. 

54. 

392 

35,44,61,51,74,94,102,98,110 

373. 

81. 

393 

36,43,61,51,74,91,93,96,103,110 

238. 

55. 

394 

36,43,61,51,73,91,93,97,103,110 

255. 

55. 

395 

36,43,61,51,74,94,103,99,114 

334. 

72. 

396 

36,43,61,51,74,94,103,98,110 

338. 

71. 

397 

36,43,61,51,74,94,103,98,110 

358. 

81. 

398 

36,43,61,51,74,94,103,98,114 

374. 

80. 

399 

31,34,44,61,51,71,91,92,97,101,110 

239. 

49. 

400 

30,34,44,61,51,72,91,93,96,101,110 

240. 

53. 

401 

35,44,63,52,72,94,103,98,114 

240. 

54. 

402 

35,44,63,52,72,94,103,98,110 

284. 

65. 
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(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

403 

36,43,63,52,72,94,103,98,110 

240. 

55. 

404 

36,43,63,52,72,91,93,96,103,110 

249. 

58. 

405 

36,43,63,52,72,94,103,99,114 

297. 

64. 

406 

37,44,62,51,74,91,93,97,103,114 

241. 

56. 

407 

37,44,62,51,73,91,93,97,103,114 

263. 

61. 

408 

37,44,62,51,74,91,93,96,102,114 

270. 

63. 

409 

35,43,63,52,72,91,93,97,103,114 

242. 

52. 

410 

35,43,63,52,72,94,103,98,110 

267. 

59. 

411 

35,43,63,52,72,91,93,97,103,114 

297. 

60. 

412 

31,34,44,61,51,72,91,93,96,102,110 

243. 

50. 

413 

31,33,44,62,51,71,91,93,97,101,110 

243. 

50. 

414 

31,33,44,62,51,71,94,103,98,110 

324. 

66. 

415 

30,34,44,62,52,73,91,92,97,102,114 

246. 

54. 

416 

31,34,44,63,52,71,91,92,36,102,110 

247. 

51. 

417 

37,43,63,52,72,94,103,99,114 

247. 

55. 

418 

37,43,63,52,72,94,103,99,110 

253. 

58. 

419 

37,43,63,52,72,91,93,96,103,110 

256. 

55. 

420 

37,43,63,52,72,94,103,98,110 

258. 

59. 

421 

37,43,63,52,72,94,103,98,114 

319. 

73. 

422 

37,44,63,51,71,91,92,96,101,114 

248. 

55. 

423 

37,44,63,51,71,91,92,97,101,114 

324. 

67. 

424 

30,34,44,61,52,71,94,101,98,110 

248. 

52. 

425 

30,34,44,61,52,71,94,103,98,110 

253. 

54. 

426 

35,44,62,51,71,94,101,99,114 

248. 

57. 

427 

35,44,62,51,71,94,102,99,110 

258. 

57. 

428 

35,44,62,51,71,94,102,99,110 

292. 

62. 

429 

35,44,62,51,71,91,93,96,101,110 

293. 

60. 

430 

36,44,63,52,73,94,103,98,114 

248. 

57. 

431 

36,44,63,52,73,91,93,97,102,110 

254. 

57. 

432 

36,44,63,52,73,94,103,99,114 

262. 

58. 

433 

36,44,63,52,73,91,92,97,103,114 

283. 

64. 

434 

36,44,63,52,73,91,93,97,101,114 

325. 

73. 

435 

36,44,63,52,73,94,103,98,110 

368. 

80. 

436 

31,34,44,61,52,72,94,102,99,110 

248. 

54. 

437 

31,34,44,61,52,72,94,102,99,110 

251. 

56. 

K53 
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(nearest  $) 
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$/T  DP  Fed 

$/T  DM  Fed 

438 

37,43,62,51,74,91,93,97,103,114 

248. 

54. 

439 

30,34,43,63,52,71,91,93,96,103,110 

249. 

53. 

440 

30,34,43,63,52,71,94,103,98,110 

319. 

69. 

441 

30,34,43,63,52,71,94,103,98,114 

359. 

70. 

442 

30,34,44,62,52,71,94,101,99,114 

249. 

51. 

443 

35,44,63,51,71,91,92,97,102,114 

350. 

54. 

444 

35  ,44,63,51,71,94,102,99,114 

300. 

66. 

445 

36,44,63,52,74,91,93,97,102,110 

253. 

55. 

446 

36,44,63,52,74,91,93,97,102,114 

283. 

63. 

447 

36,44,63,52,74,94,101,98,110 

340. 

78. 

448 

35,43,62,52,72,94,103,99,110 

253. 

54. 

449 

35,43,62,52,72,94,103,98,114 

266. 

50. 

450 

37,44,61,51,73,91,92,97,101,114 

253. 

57. 

451 

37,44,61,51,73,94,101,98,114 

274. 

65. 

452 

37,44,61,51,73,91,92,96,102,114 

298. 

66 . 

453 

37,44,61,51,73,94,103,98,114 

320. 

74. 

454 

31,34,44,63,52,72,91,93,97,101,114 

254. 

54. 

455 

31,34,44,63,52,72,94,103,99,110 

321. 

71. 

456 

31,34,43,63,51,72,91,93,97,103,114 

255. 

53. 

457 

36,43,61,51,73,91,92,96,102,114 

256. 

57. 

458 

36,43,61,51,73,91,93,97,103,110 

260. 

61. 

459 

36,43,61,51,73,91,92,97,103,114 

315. 

71. 

460 

36,43,61,51,73,91,92,96,103,110 

321 

67. 

461 

36,43,61,51,73,94,103,99,114 

401. 

87. 

462 

30,33,44,63,52,71,91,92,96,103,110 

256. 

55. 

463 

30,33,44,63,52,71,91,93,96,101,110 

269. 

55. 

464 

30,33,44,63,52,71,94,101,98,110 

307. 

67. 

465 

30,33,44,63,52,71,91,93,97,101,110 

324. 

65. 

466 

30,33,44,63,52,71,94,101,98,110 

349. 

75. 

467 

30,33,44,63,52,71,93,103,98,110 

374. 

76. 

468 

35,44,63,51,72,94,101,99,114 

257. 

57. 

469 

35,44,63,51,72,91,93,97,101,110 

274. 

60. 

470 

35,44,63,51,72,94,103,98,110 

280. 

60. 

471 

35,44,63,51,72,94,103,99,114 

305. 

65. 

472 

35,44,63,51,72,94,102,99,114 

340. 

72. 
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$/T  DP  Fed 

473 

30,33,44,63,51,71,91,92,96,101,114 

258. 

474 

30,33,44,63,51,71,91,92,96,103,110 

272. 

475 

30,33,44,63,52,73,91,93,96,103,114 

259. 

476 

31,34,44,61,52,73,94,102,98,114 

259. 

477 

35,43,61,52,73,94,103,99,110 

260. 

478 

35,43,61,52,73,94,103,99,110 

326. 

479 

35,43,61,51,73,91,93,97,103,114 

260. 

480 

36,43,61,51,73,91,92,96,103,110 

309. 

481 

35,43,61,51,73,94,103,99,114 

348. 

482 

35,43,61,51,73,94,103,98,110 

350. 

483 

35,43,61,51,73,94,103,99,110 

350. 

484 

35,43,61,51,73,94,103,98,114 

449. 

485 

31,33,44,63,52,71,91,93,97,101,110 

261. 

486 

31,33,44,63,52,71,91,92,97,103,110 

263. 

487 

31,33,44.63,52,71,94,103,99,110 

330. 

488 

30,34,43,61,51,72,94,103,98,110 

261. 

489 

30,34,43,61,51,72,94,103,98,114 

289. 

490 

36,43,63,51,71,91,92,96,103,114 

262. 

491 

36,43,63,51,71,94,103,98,110 

325. 

492 

31,34,43,63,52,71,94,103,99,114 

262. 

493 

31,34,43,63,52,71,94,103,99,114 

366. 

494 

37,44,62,52,72,94,102,99,110 

263. 

495 

35,44,63,52,73,91,92,96,103,114 

264. 

496 

35,44,63,52,73,91,92,97,101,110 

270. 

497 

35,44,63,52,73,94,102,98,114 

294. 

498 

35,44,63,52,73,94,101,98,114 

338. 

499 

35,44,63,52,73,94,103,98,114 

343. 

500 

35,43,63,52,74,91,93,97,103,114 

265. 

501 

35,43,63,52,74,91,93,96,103,110 

301. 

502 

35,43,63,52,74,91,93,97,103,110 

304. 

503 

35,43,63,52,74,94,103,99,110 

315. 

504 

35,43,63,52,74,91,93,96,103,110 

324. 

505 

35,43,63,52,74,94,103,98,110 

389. 

506 

31,34,44,61,52,74,91,93,96,101,114 

266. 

507 

31,34,44,61,52,74,94,101,99,110 

284. 

(nearest  $) 

' $/T  DM  Fed 

57. 

58. 

55. 

59. 

58. 

70. 

58. 

68. 

79. 

67. 

79. 

100. 

55. 

55. 

68. 

52. 

59. 

58. 

74. 


60. 

78. 

56. 

58. 
62. 
63. 

69. 
73. 

60. 

68. 

65. 

70. 

71. 
82. 

59. 
59. 
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508 

35,44,63,52,74,94,101,99,114 

266. 

60. 

509 

35,44,63,52,74,91,93,96,102,114 

271. 

61. 

510 

30,34,44,62,52,72,94,102,99,110 

266. 

55. 

511 

31,33,43,61,52,73,94,103,99,114 

267. 

60. 

512 

31,33,43,62,52,74,94,103,99,114 

267. 

61. 

513 

31,33,43,62,52,74,91,93,97,103,114 

285. 

62. 

514 

37,43,63,52,73,91,93,97,103,110 

268. 

59. 

515 

37,43,63,52,73,91,92,97,103,114 

275. 

64. 

516 

36,43,63,52,73,94,103,99,114 

269. 

62. 

517 

36,43,63,52,73,94,103,98,114 

288. 

65. 

518 

36,43,63,52,73,94,103,98,114 

327. 

74. 

519 

36,43,63,52,73,94,103,98,114 

343. 

80. 

520 

31,34,43,62,52,71,94,103,98,114 

269. 

56. 

521 

31,34,43,62,52,71,94,103,99,114 

270. 

55. 

522 

36,44,63,51,73,91,93,97,102,110 

271. 

62. 

523 

36,44,63,51,73,91,93,97,102,110 

272. 

62. 

524 

36,44,63,51,73,94,102,99,114 

408. 

93. 

525 

37,44,62,51,73,91,93,97,102,110 

272. 

61. 

526 

37,44,62,51,73,91,93,96,102,114 

377. 

70. 

527 

31,33,44,63,51,71,91,92,97,101,114 

273. 

59. 

528 

31,33,44,63,51,71,94,102,98,110 

366. 

79. 

529 

31,33,44,63,51,71,94,103,99,110 

390. 

82. 

530 

36,44,63,51,74,91,93,97,103,110 

273. 

63. 

531 

31,33,44,63,52,73,91,93,96,103,114 

273. 

57. 

532 

37,44,61,51,74,91,93,97,101,114 

274. 

58. 

533 

37,44,61,51,74,94,102,99,114 

302. 

69. 

534 

37,44,61,51,74,94,101,98,110 

342. 

77. 

535 

30,33,44,62,52,74,94,102,99,110 

274. 

61. 

536 

30,33,44,62,52,74,94,102,98,114 

304. 

63. 

537 

37,43,61,52,74,91,93,96,103,110 

275. 

53. 

538 

37,43,61,52,74,91,93,97,103,110 

282. 

57. 

539 

35,44,62,51,73,91,93,96,102,114 

277. 

61. 

540 

35,44,62,51,73,91,93,96,101,110 

358. 

74. 
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541 

35,44,62,51,73,94,101,99,110 

400. 

86. 

542 

35,44,62,51,73,94,102,99,114 

442. 

97. 

543 

30,34,43,62,51,71,91,92,97,103,114 

277. 

61. 

544 

37,43,63,52,74,94,103,99.114 

278. 

63. 

545 

37,43,63,52,74,94,103,99,110 

354. 

79. 

546 

37,43,63,52,74,94,103,98,110 

398. 

85. 

547 

37,44,61,51,71,94,103,98,110 

278. 

61. 

548 

31,33,43,62,51,72,94,103,99,110 

279. 

56. 

549 

31,33,43,62,51,72,94,103,99,114 

310. 

64. 

550 

31,34,44,62,52,73,94,103,99,110 

279. 

60. 

551 

30,33,44,62,52,73,94,103,98,110 

279. 

62. 

552 

30,34,44,63,51,71,91,93,96,103,110 

280. 

58. 

553 

31,34,44,61,51,73,91,92,96,103,110 

280. 

64. 

554 

31,34,44,61,51,73,91,93,96,103,114 

307. 

67. 

555 

31,34,44,61,51,73,94,102,98,110 

407. 

88. 

556 

30,33,43,62,52,72,94,103,98,110 

281. 

57. 

557 

36,43,63,52,74,91,93,96,103,110 

281. 

59. 

558 

36,43,63,52,74,94,103,99,110 

308. 

70. 

559  -  - 

36,43,63,52,74,94,103,98,114 

350. 

79. 

560 

36,43,63,52,74,94,103,98,114 

419. 

80. 

561 

30,33,43,61,51,72,94,103,99,114 

282. 

60. 

562 

36,43,62,51,74,94,103,99,114 

282. 

62. 

563 

36,43,62,51,74,94,103,99,114 

316. 

73. 

564 

36,43,62,51,74,94,103,99,110 

356. 

81. 

565 

37,44,63,52,74,94,102,99,110 

282. 

65. 

566 

37,44,63,52,74,91,93,96,102,114 

314. 

69. 

567 

37,44,63,52,74,94,101,98,114 

315. 

72. 

568 

37,44,63,52,74,94,103,99,110 

317. 

74. 

569 

37,44,63,52,74,94,101,99,110 

402. 

85. 

570 

31,34,43,62,52,73,91,93,97,103,110 

282. 

64. 

571 

31,34,43,62,52,73,94,103,99,110 

349. 

71. 

572 

30,33,43,62,51,74,91,93,97,103,114 

283. 

64. 
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573 

31,34,44,63,51,72,91,93,96,102,110 

284. 

60. 

574 

31,34,44,63,51,72,94,101,98,110 

362. 

77. 

575 

31,33,44,62,51,74,91,93,97,103,114 

284. 

62. 

576 

31,33,44,62,51,74,94,101,98,110 

463. 

104. 

577 

31,33,44,62,51,74,94,102,98,114 

475. 

104. 

578 

35,43,61,51,74,91,93,97,102,110 

284. 

60. 

579 

35,43,61,51,74,94,103,99,110 

316. 

70. 

580 

35,43,61,51,74,91,93,96,103,114 

337. 

71. 

581 

35,43,61,51,74,94,103,98,110 

447. 

91. 

582 

36,44,63,51,72,94,102,98,114 

284. 

63. 

583 

36,44,63,51,72,94,101,99,110 

325. 

72. 

584 

36,44,63,51,72,94,103,99,110 

330. 

73. 

585 

30,34,43,62,52,73,91,93,96,103,110 

285. 

59. 

586 

35,43,63,52,73,91,93,96,103,114 

286. 

66 . 

587 

35,43,63,52,73,94,103,99,114 

300. 

67. 

588 

30,33,44,62,51,71,94,103,99,114 

286. 

64. 

589 

30,33,43,61,52,74,94,103,99,114 

287. 

61. 

590 

30,33,43,61,52,74,94,103,99,114 

351. 

70. 

591 

36,44,62,51,74,91,93,97,101,110 

290. 

67. 

592 

36,44,62,51,74,94,101,99,110 

313. 

72. 

593 

36,44,62,51,74,94,102,98,114 

473. 

101. 

594 

36,43,63,51,74,91,93,96,103,114 

290. 

66 . 

595 

36,43,63,51,74,91,93,97,103,114 

346. 

73. 

596 

36,43,63,51,74,91,93,96,103,114 

355. 

77. 

597 

36,43,63,51,74,94,103,99,110 

501. 

107. 

598 

30,33,44,63,52,74,91,93,97,101,110 

291. 

60. 

599 

31,34,43,61,51,73,91,92,97,103,110 

291. 

64. 

600 

31,34,43,61,51,73,91,92,97,103,110 

330. 

70. 

601 

35,44,62,51,74,91,93,97,102,114 

291. 

60. 

602 

35,44,62,51,74,94,101,98,110 

358. 

81. 

603 

35,43,62,51,73,91,93,97,103,114 

293. 

63. 

604 

35,43,62,51,73,91,93,97,103,114 

314. 

66. 

605 

35,43,62,51,73,94,103,98,110 

393. 

90. 

606 

31,33,43,61,52,74,91,93,97,103,110 

294. 

62. 
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607 

37,43,61,51,73,91,92,96,103,114 

296. 

65. 

608 

37,43,61,51,73,94,103,99,110 

394. 

93. 

609 

36, 43',  63, 51, 73, 91, 92, 9  6, 103, 110 

297. 

70. 

610 

36,43,63,51,73,91,92,97,103,114 

304. 

69. 

611 

36,43,63,51,73,94,103,99,110 

335. 

75. 

612 

36,43,63,51,73,91,93,96,103,110 

336. 

79. 

613 

36,43,63,51,73,91,92 ,97,103,114 

342. 

73. 

614 

36,43,63,51,73,94,103,98,110 

446. 

97. 

615 

30,34,43,63,51,71,91,93,97,103,110 

299. 

64. 

616 

35,43,63,51,72,91,93,96,103,114 

299. 

64. 

617 

35,43,63,51,72,94,103,98,110 

313. 

68. 

618 

35,43,63,51,72,91,93,97,103,114 

320. 

63. 

619 

35,43,63,51,72,94,103,98,114 

332. 

74. 

620 

35,43,63,51,72,91,93,97,103,114 

341. 

68. 

621 

35,43,63,51,72,94,103,99,114 

393. 

83. 

622 

31,33 ,44 ,62,51, 72 ,94, 103,99 ,110 

300. 

64. 

623 

30,34,43,61,52,72,94,103,99,114 

300. 

64. 

624 

30,33,44,61,51,74,91,93,97,103,114 

301. 

61. 

625 

30,33,44,61,51,74,94,103,99,114 

326. 

71. 

626 

30,33,44,61,51,74,91,93,97,101,110 

369. 

77. 

627 

31,34,44,63,51,71,91,92,97,103,110 

302. 

62. 

628 

31,34,44,63,51,71,91,92,97,102,114 

337. 

64. 

629 

31,34,44,63,51,71,94,102,99,114 

372. 

74. 

630 

31,33,43,63,51,71,91,93,97,103,110 

302. 

65. 

631 

31,33,43,63,51,71,94,103,99,114 

330. 

70. 

632 

31,33,43,63,51,71,94,103,99,114 

392. 

84. 

633 

31,33,43,61,51,71,91,93,96,103,110 

303. 

62. 

634 

31,34,44,62,51,71,94,101,98,114 

303. 

63. 

635 

31,34,44,62,51,71,94,103,98,110 

305. 

66 . 

636 

30,33,43,61,51,73,91,92,97,103,114 

304. 

65. 

637 

30,33,43,61,51,73,91,92,96,103,114 

318. 

69. 

638 

30,33,43,61,51,73,91,92,97,103,110 

324. 

72. 

639 

30,33,43,61,51,73,94,102,99,110 

460. 

95. 

640 

31,34,43,62,51,73,91,93,97,103,110 

306. 

66. 

641 

31,34,43,62,51,73,91,93,97,103,110 

330. 

73. 

642 

31,34,43,62,51,73,94,103,99,110 

454. 

90. 
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643 

31,34,43,62,51,73,94,103,98,114 

480. 

104. 

644 

35,43,62,51,73,91,92,97,103,110 

307. 

72. 

645 

36,43,62,51,73,94,103,99,114 

380. 

85. 

646 

31,34,43,61,51,72,91,93,97,103,110 

307. 

57. 

647 

31,33,43,63,52,74,91,93,97,103,110 

307. 

67. 

648 

31,33,43,63,52,74,94,103,99,114 

433. 

84. 

649 

31,34,43,62,51,74,91,93,96,103,114 

308. 

65. 

650 

31, 34, 43, 62, 51. 74, 91, 93, 97, 103, 114 

389. 

78. 

651 

31,34,43,62,51,74,94,103,99,114 

455. 

91, 

652 

30,33,44,61,51,71,94,101,98,110 

309. 

63. 

653 

30,33,44,61,51,71,94,102,98,110 

319. 

68. 

654 

37,43,62,51,73,91,93,97,103,114 

311. 

66. 

655 

31,33,44,63,51,72,94,102,98,114 

312. 

68. 

656 

31,33,44,63,51,72,94,102,99,110 

359. 

77. 

657 

31,33,44,63,51,72,94,102,98,110 

395. 

77. 

658 

30,34,43,61,52,74,94,103,98,110 

314. 

67. 

659 

35,44,61,51,73,91,92,97,103,110 

314. 

66. 

660 

35,44,61,51,73,94,103,99,110 

386. 

82. 

661 

35,44,61,51,73,94,102,99,114 

391. 

86. 

662 

30,33,44,63,51,72,94,103,98,110 

315. 

68. 

663 

31,33,44,61,51,73,91,93,96,103,114 

315. 

65. 

664 

31,34,44,62,51,73,91,93,97,101,114 

316. 

71. 

665 

31,34,44,62,51,73,91,92,97,102,114 

336. 

73. 

666 

31,34,44,62,51,73,91,93,96,103,114 

351. 

70. 

667 

31,34,44,62,51,73,94,101,98,110 

379. 

82. 

668 

30,33,44,62,51,74,91,93,96,101,114 

316. 

71. 

669 

30,33,44,62,51,74,94,102,98,114 

380. 

84. 

670 

31,33,43,61,51,74,91,93,96,103,114 

317. 

69. 

671 

31,33,43,61,51,74,91,93,96,103,114 

473. 

92. 

672 

31,33,43,61,51,74,94,103,98,110 

495. 

97. 

673 

31,33,44,61,51,72,94,102,98,110 

318. 

69. 

• 
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TABLE  K3.  (continued) 


Machinery 

System  Total  cost  (nearest  $) 

Number  Network  Nodes  $/T  DP  Fed  $/T  DM  Fed 


674 

31,33,43,62,52,73,91,93,96,103,110 

318. 

63. 

675 

30,34,44,61,51,74,91,93,97,103,110 

319. 

64. 

676 

30,34,44,61,51,74,91,93,97,103,114 

356. 

72. 

677 

37,44,63,51,74,91,93,97,102,114 

319. 

71. 

678 

37,44,63,51,74,94,101,99,114 

415. 

88. 

679 

37,44,63,51,74,94,103,99,110 

452. 

102. 

680 

36,44,63,51,71,94,103,98,110 

321. 

73. 

681 

35,44,63,51,74,91,93,96,101,110 

321. 

71. 

682 

35,44,63,51,74,91,93,97,102,110 

326. 

73. 

683 

35,44,63,51,74,91,93,96,101,110 

398. 

85. 

684 

35,44,63,51,74,94,101,99,114 

405. 

87. 

685 

35,44,63,41,74,94,101,98,114 

408, 

92. 

686 

35,44,63,51,74,94,102,98,114 

518. 

116. 

687 

35,43,63,51,74,91,93,97,103,110 

323. 

70. 

688 

35,43,63,51,74.91,93.97,103,114 

326. 

72. 

689 

35,43,63,51,74,91,93,97,103,110 

330. 

75. 

690 

35,43,63,51,74,94,103,98,110 

417. 

87. 

691 

35,43,63,51,74,94,103,99,110 

463. 

98. 

692 

35,43,63,51,74,94,103,99,114 

466. 

97. 

693 

30,33,43,61,52,73,94,103,98,110 

323. 

66 . 

694 

30,34,44,63,52,73,94,102,98,114 

323. 

68. 

695 

35,43,62,51,74,94,103,98,114 

324. 

68. 

696 

35,43,62,51,74,91,93,96,103,114 

335. 

74. 

697 

35,43,62,51,74,94,103,99,110 

367. 

81. 

698 

30,33,44,63,51,74,91,93,96,103,114 

326. 

73. 

699 

30,33,44,63,51,74,91,93,97,102,110 

346. 

76. 

700 

30,33,44,63,51,74,94,102,98,110 

470. 

99. 

701 

30,34,43,61,51,73,94,103,98,110 

326. 

70. 

702 

30,34,43,61,51,73,91,92,97,103,110 

364. 

73. 

703 

31,33,44,63,52,73,91,92,96,102,114 

327. 

74. 

704 

31,33,44,63,52,73,91,93,97,103,110 

328. 

71. 

705 

31,33,44,63,52,73,91,92,96,103,110 

347. 

77. 

706 

31,33,44,63,52,73,91,92,97,101,114 

371. 

82. 

707 

31,33,44,63,52,73,94,103,98,114 

371. 

80. 

708 

31,33,44,63,52,73,94,101,99,114 

420. 

89. 

709 

37,43,63,51,74,91,93,96,103,110 

328. 

71. 

• 
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Machinery- 

System  Total  Cost  (nearest  $) 


Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

710 

37,43,63,51,74,94,103,98,110 

378. 

85. 

711 

37,43,63,51,74,94,103,99,114 

430. 

98. 

712 

37,43,63,51,74,94,103,98,114 

579. 

121’ . 

713 

30,34,43,62,51,74,91,93,97,103,114 

329. 

64. 

714 

30,34,43,62,51,74,91,93,96,103,114 

330. 

68. 

715 

30,34,43,62,51,74,91,93,97,103,114 

330. 

67. 

716 

30,34,43,62,51,74,94,103,98,114 

495. 

98. 

717 

31,33,44,62,52,73,94,101,98,114 

334. 

65. 

718 

30,33,43,63,52,72,94,103,98,110 

336. 

72. 

719 

30,33,43,63 ,52,72,94,103,99,110 

431. 

78. 

720 

37,44,63,51,73,91,92,97,103,110 

338. 

73. 

721 

37,44,63,51,73,94,103,98,110 

400. 

90. 

722 

37,44,63,51,73,94,101,99,114 

416. 

91. 

723 

37,44,63,51,73,94,101,98,110 

481. 

99. 

724 

37,43,63,51,73,91,92,97,103,110 

338. 

72. 

725 

37,43,63,51,73,91,93,97,103,110 

344. 

OO 

726 

37,43,63,51,73,91,92,97,103,110 

370. 

75. 

727 

31,33,44,61,51,71,94,101,99,110 

342. 

71. 

728 

31,34,44,61,51,74,91,93,96,101,110 

344. 

76. 

729 

30,34,43,63,51,74,91,93,96,103,110 

344. 

79. 

730 

30,34,43,63,51,74,94,103,98,114 

485. 

100. 

731 

30,34,43,63,51,74,94,103,99,110 

534. 

108. 

732 

30,33,43,62,51,73,94,103,98,114 

345. 

73. 

733 

30,33,43,62,51,73,91,93,96,103,114 

401. 

77. 

734 

35,43,63,51,71,94,103,98,110 

346. 

73. 

735 

30,34,43,63,51,73,91,92,96,103,110 

351. 

76. 

736 

30,34,44,61,51,71,94,102,98,114 

353. 

73. 

737 

31,33,44,63,51,73,91,92,97,101,114 

354. 

75. 

738 

31,33,44,63,51,73,94,101,98,110 

438. 

94. 

739 

31,33,43,61,51,73,91,93,96,103,114 

355. 

78. 

740 

35,44,63,51,73,94,102,99,114 

356. 

• 

CM 

OO 

741 

35,44,63,51,73,94,101,98,114 

396. 

• 

00 

742 

35,44,63,51,73,94,101,99,114 

397. 

86. 

K62 
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Machinery 

System 

Total  cost 

(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

743 

30,34,44,61,51,73,94,102,98,114 

356. 

80. 

744 

30,34,44,61,51,73,94,101,99,114 

438. 

90. 

745 

30,33,43,62,52,73,94,103,99,114 

357. 

77. 

746 

30,34,43,63,52,74,94,103,98,110 

358. 

76. 

747 

30,34,43,63,52,74,94,103,99,110 

369. 

78. 

748 

30,34,43,63,52,74 ,94,103,98,114 

397. 

86. 

749 

30,34,43,63,52,74,94,103,98,110 

399. 

78. 

750 

30,34,43,63,52,74,94,103,98,114 

401. 

78. 

751 

30,34,43,61,51,74,94,103,99,114 

359. 

74. 

752 

30,34,43,61,51,74,94,103,98,110 

455. 

88. 

753 

31,33,43,62,51,74,94,103,98,110 

360. 

70. 

754 

30,33,43,61,51,74,91,93,97,103,114 

361. 

• 

OO 

755 

30,34,44,62,51,73,91,93,97,102,110 

362. 

75. 

756 

31,33,43,63,52,72,94,103,98,114 

366. 

76. 

757 

31,33,43,63,52,72,94,103,99,110 

384. 

79. 

758 

30,33,44,63,51,73,91,92,97,102,110 

368. 

79. 

759 

30,33,44,63,51,73,94,103,98,114 

488. 

94. 

760. 

30,33,43,63,51,72,94,103,98,114 

369. 

79. 

761 

30,33,43,63,51,72,91,93,96,103,114 

381. 

72. 

762 

36,44,62,51,73,94,103,98,114 

370. 

85. 

763 

36,44,62,51,73,94,103,99,114 

394. 

82. 

764 

31,34,43,63,51,73,91,93,97,103,110 

371. 

84. 

765 

36,43,63,51,72,94,103,99,110 

372. 

78. 

766 

35,43,63,51,73,94,103,98,114 

375. 

83. 

767 

35,43,63,51,73,91,92,97,103,114 

385. 

75. 

768 

35,43,63,51,73,94,103,98,114 

388. 

89. 

769 

35,43,63,51,73,91,92,96,103,114 

391. 

86. 

770 

35,43,63,51,73,94,103,99,110 

392. 

79. 

771 

35,43,63,51,73,94,103,99,114 

472. 

101. 

772 

31,34,44,63,51,74,91,93,97,103,114 

378. 

81. 

773 

31,34,43,63,51,74,91,93,97,103,114 

379. 

78. 
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Machinery 

System 

Number  Network  Nodes 

Total  cost 
$/T  DP  Fed 

(nearest  $) 
$/T  DM  Fed 

774 

30,33,44,61,51,73,94,103,99,114 

380. 

86. 

775 

31,33,44,63,52,72,94,101,98,110 

383. 

74. 

776 

30,33,43,63,51,71,94,103,98,110 

386. 

85. 

777 

30,33,43,63,51,71,94,103,99,110 

406. 

87. 

778 

30,33,43,63,51,71,94,103,98,110 

410. 

80. 

779 

30,34,44,63,51,74,91,93,96,103,114 

387, 

83. 

780 

30,34,44,63,51,74,94,103,99,114 

473. 

97. 

781 

31,33,43,63,51,74,91,93,97,103,114 

387. 

77. 

782 

31,33,43,63,51,73,91,92,97,103,110 

390. 

84. 

783 

31,33,43,63,51,73,91,93,97,103,110 

409. 

80. 

784 

31,33,43,63,51,73,91,92,96,103,110 

512. 

96. 

785 

30,34,43,62,51,73,94,103,98,114 

395. 

79. 

786 

31,34,44,62,51,74,94,103,99,110 

399. 

83. 

787 

31,34,44,62,51,74 ,94,101,98,110 

474. 

104. 

788 

30,34,44,63,52,74 ,94,101,98,110 

402. 

87. 

789 

30,34,44,63,52,74,94,102,99,110 

424. 

91. 

790 

30,33,43,63,51,74,91,93,96,103,110 

405. 

86. 

791 

30,33,43,63,51,74,94,103,98,110 

436. 

90. 

792 

30,33,43,63,51,74,91,93,96,103,110 

466. 

90. 

793 

30,33,43,63,51,73,91,92,97,103,110 

406. 

85. 

794 

30,33,43,63,51,73,94,103,99,114 

460. 

96. 

795 

30,34,43,63,52,73,94,103,99,110 

428. 

87. 

796 

30,33,44,62,51,73,94,101,99,110 

446. 

93. 

797 

30,33,44,62,51,73,94,103,98,114 

538. 

100. 

798 

31,34,43,63,52,73,94,103,99,114 

509. 

102. 

799 

31,34,43,61,51,74,94,103,99,114 

542. 

116. 

31,33,44,62 ,51,73,94,102 ,99,110  616.  131. 


800 
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TABLE  K4 .  FORAGE  HANDLING  SYSTEMS  SIMULATED  FOR  300  ACRES  - 
PRE-CUT  HARVESTING 


Machinery 


System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

1 

37,44,61,52,72,91,93,96,102,110 

134. 

29. 

2 

37,44,61,52,72,94,101,99,110 

232. 

49. 

3 

36,44,61,52,71,91,92,97,103,114 

135. 

29. 

4 

36,44,61,52,71,91,93,97,103,110 

155. 

33. 

5 

36,44,61,52,71,91,92,96,103,110 

158. 

34. 

6 

36,44,61,52,71,91,93,97,103,114 

180. 

38. 

7 

36,44,62,52,73 ,91,93,96,101,110 

136. 

28. 

8 

36,44,62,52,71,91,92,96,103,110 

157. 

33. 

9 

36,44,62,52,71,94,101,98,110 

265. 

55. 

10 

37,43,62,51,71,91,93,97,103,110 

137. 

31. 

11 

37,43,62,51,71,91,93,96,103,110 

219. 

45. 

12 

37,43,62,51,71,94,103,98,110 

273. 

60. 

13 

36,44,62,52,72,91,93,97,103,114 

138. 

31. 

14 

36,44,62,52,72,91,93,97,103,114 

142. 

33. 

15 

36,44,62,52,72,91,93,96,102,110 

161. 

35. 

16 

36,44,62,52,72,91,93,96,101,110 

188. 

41. 

17 

36,44,62,52,72,94,101,98,114 

207. 

45. 

18 

36,44,61,51,72,91,93,96,103,110 

140. 

31. 

19 

36,44,61,51,72,91,93,97,102,114 

157. 

33. 

20 

36,44,61,51,72,91,93,97,101,114 

188. 

40. 

21 

37,43,62,52,71,91,93,97,103,114 

140. 

30. 

22 

37,43,62,52,71,91,92,96,103,114 

171. 

35. 

23 

37,43,62,52,71,91,92,97,103,114 

180. 

35. 

24 

37,43,62,52,71,94,103,99,114 

253. 

49. 

25 

36,43,62,52,72,91,93,97,103,114 

144. 

32. 

26 

36,43,62,52,72,91,93,96,103,110 

145. 

31. 

27 

36,43,62,52,72,91,93,96,103,114 

150. 

32. 

28 

36,43,62,52,72,91,93,97,103,110 

169. 

35. 

29 

36,43,62,52,72,91,93,96,103,110 

172. 

36. 

30 

36,43,62,52,72,94,103,98,114 

180. 

38. 

31 

36,44,62,52,72,91,93,96,103,110 

145. 

33. 

32 

36,44,63,52,72,91,93,97,102,114 

149. 

33. 

33 

36,44,63,52,72,91,93,96,101,110 

161. 

35. 

34 

36,44,63,52,72,91,93,97,101,110 

194. 

42. 

35 

36,44,63,52,72,94,101,98,114 

231. 

50. 

36 

36,44,63,52,72,94,102,98,110 

241. 

53. 

37 

36,44,63,52,72,91,93,97,102,110 

248. 

52. 
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Machinery 


System 

Number  Network  Nodes 


Total  cost  (nearest  $) 
$/T  DP  Fed  $/T  DM  Fed 


38 

36,43,62,51 

,71,91,92,96,103,110 

146. 

33. 

39 

36,43,62,51 

,71,94,103,98,110 

222. 

49. 

40 

36,43,62,51 

,71,91,93,96,103,110 

247. 

48. 

41 

36,43,62,51 

,71,94,103,98,110 

283. 

62. 

42 

36,43,62,51 

,71,94,103,98,110 

295. 

58. 

43 

37,44,61,52 

,71,91,93,96,102,110 

146. 

30. 

44 

37,44,61,52 

,71,91,92,96,101,110 

166. 

36. 

45 

37,44,61,52 

,71,94,102,99,114 

174. 

38. 

46 

37,44,61,52 

,71,91,92,96,102,114 

195. 

39. 

47 

37,44,61,52 

,71,94,101,98,114 

202. 

42. 

48 

37,44,63,52 

,72,91,93,96,101,110 

147. 

33. 

49 

37,44,63,52 

,72,94,103,98,114 

200. 

43. 

50 

37,44,63,52 

,72,91,93,97,102,114 

211. 

47. 

51 

37,44,63,52 

,72,94,102,99,110 

262. 

57. 

52 

36,44,61,52 

,73,91,93,96,102,114 

147. 

33. 

53 

36,44,61,52 

,73,94,102,99,114 

171. 

40. 

54 

36,44,61,52 

,73,91,92,96,102,114 

183. 

41. 

55 

36,44,61,52 

,73,94,102,98,114 

191. 

41. 

56 

36,44,62,52 

,74,91,93,96,102,110 

153. 

35. 

57 

36,44,62,52 

,74,91,93,96,101,114 

165. 

37. 

58 

36,44,62,52 

,74,94,103,99,114 

214. 

48. 

59 

36,44,62,52 

,74,94,102,99,110 

242. 

55. 

60 

36,44,61,51 

,71,91,92,96,103,114 

153. 

34. 

61 

36,44,61,51 

,71,91,93,97,101,114 

185. 

41. 

62 

36,44,61,51 

,71,91,92,97,103,114 

205. 

42. 

63 

36,44,61,51 

,71,91,93,97,102,114 

205. 

43. 

64 

36,44,61,51 

,71,91,93,96,101,114 

209. 

46. 

65 

36,44,61,51 

,71,94,103,98,110 

253. 

58. 

66 

36 ,44,61,51, 

,71,94,101,99,114 

253. 

54. 

67 

35,43,61,52 

,72,91,93,96,103,110 

158. 

34. 

68 

35,43,61,52. 

,72,91,93,96,103,110 

175. 

36. 

69 

35,43,61,52, 

,72,94,103 ,99,114 

210. 

43. 

70 

35 , 43,61,52  , 

,72,94,103,99,110 

236. 

49. 

71 

36,44,62,51, 

,71,91,92,97,102,114 

161. 

36. 

72 

36 ,44,62 ,51. 

,71,91,93,97,102,110 

169. 

36. 

73 

36,44,62,51, 

.71,91,92,96,101,114 

182. 

40. 

74 

36,44,62,51, 

.71,94,102,98,114 

204. 

45. 

75 

36,44,62,51, 

.71,91,92,97,101,114 

230. 

48. 

•» 

• 
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Machinery 

System  Total  cost  (nearest  $) 

Number  Network  Nodes  $/T  DP  Fed  $/T  DM  Fed 


76 

36,43,62,52,73,91,93,96,103,110 

161. 

36. 

77 

36,43,62,52,73,91,93,96,102,110 

177. 

40. 

78 

36,43,62,52,73,91,92,96,103,110 

180. 

40. 

79 

36,43,62,52,73,91,92,96,103,114 

202. 

43. 

80 

37,44,62,52,73,91,92,97,101,110 

163. 

36. 

81 

37,44,62,52,73,91,92,97,102,110 

210. 

44. 

82 

37,44,62,52,73,94,101,98,114 

222. 

47. 

83 

37,44,62,52,73,94,103,99,110 

237. 

54. 

84 

37,43,61,52,72,91,93,97,103,114 

164. 

36. 

83 

37,43,61,52,72,91,93,96,103,114 

208. 

44. 

86 

37,43,61,52,72,94,103,98,114 

241. 

47. 

87 

37,44,62,51,71,91,92,97,101,110 

166. 

37. 

88 

37,44,62,51,71,91,93,97,103,114 

230. 

45. 

89 

37,43,61,52,71,94,103,98,114 

168. 

37. 

90 

37,43,61,52,71,91,92,96,103,114 

184. 

37. 

91 

37,43,61,52,71,94,103,99,114 

215. 

43. 

92 

37,43,61,52,71,94,103,98,114 

306. 

53. 

93 

37,44,61,51,72,91,93,97,101,110 

168. 

37. 

94 

37,44,61,51,72,91,93,97,101,110 

227. 

50. 

95 

37,44,61,51,72,94,103,98,110 

275. 

61. 

96 

37,44,61,51,72,94,101,98,110 

288. 

61. 

97 

37,44,61,51,72,91,93,97,103,114 

296. 

60. 

98 

37,44,63,52,71,91,92,96,102,110 

168. 

35. 

99 

37,44,63,52,71,91,93,97,102,114 

235. 

51. 

100 

37,44,63,52,71,94,102,99,114 

237. 

51. 

101 

36,43,62,51,72,91,93,97,103,110 

169. 

37. 

102 

36,43,62,51,72,94,103,99,110 

260. 

56. 

103 

36,43,62,51,72,94,103,98,110 

294. 

61. 

104 

37,44,63,52,73,91,93,96,102,114 

170. 

38. 

105 

37,44,63,52,73,91,93,97,102,114 

244. 

54. 

106 

37,44,63,52,73,94,102,99,114 

269. 

58. 

107 

37,44,63,52,73,94,102,98,110 

270. 

57. 

108 

37,43,62,52,74,91,93,96,103,114 

173. 

38. 

109 

37,43,62,52,74,94,103,98,110 

19  7. 

43. 

110 

37,43,62,52,74,94,103,98,114 

229  . 

51. 

111 

37,43,62,52,74,94,103,98,110 

253. 

54. 
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Machinery 


System 

Number 


Total  cost  (nearest  $) 
Network  Nodes  $/T  DP  Fed  $/T  DM  Fed 


112 

36,44,62,51,72 

,91,93,97,102,110 

173. 

37. 

113 

36,44,62,51,72 

,94,101,98,114 

195. 

44. 

114 

36,44,62,51,72 

,94,103,99,114 

254. 

52. 

115 

37,43,61,51,72 

,91,93,96,103,110 

174. 

37. 

116 

35,44,61,52,72 

,91,93,96,103,114 

174. 

35. 

117 

35,44,61,52,72 

,91,93,96,102,114 

176. 

34. 

118 

35,44,61,52,72 

,91,93,96,101,110 

180. 

36. 

119 

35,44,61,52,72 

,91,93,97,102,110 

244. 

50. 

120. 

36,43,61,52,71 

,91,92,96,103,110 

174. 

38. 

121 

36,43,61,52,71 

,94,103,98,114 

236. 

49. 

122 

36,43,61,52,71 

,94,103,99,110 

248. 

47. 

123 

36,43,61,52,71 

,94,103,98,110 

257. 

57. 

124 

36,43,61,52,72 

,91,93,97,103,110 

175. 

36. 

125 

36,43,61,52,72 

,94,103,98,114 

198. 

41. 

126 

36,43,61,52,72 

,94,103,99,110 

218. 

46. 

12  7 

36,43,61,52,72 

,94,103,99,114 

253. 

54. 

128 

36,43,62,52,71 

,94,103,99,114 

176. 

38. 

129 

36,43,62,52,71 

,91,92,97,103,110 

180. 

40. 

130 

36,43,62,52,71 

,91,93,96,103,110 

182. 

37. 

131 

36,43,62,52,71 

,94,103,98,110 

226. 

47. 

132 

30,33,43,61,52 

,71,91,92,96,103,114 

177. 

36  . 

133 

30,33,43,61,52 

,71,91,93,96,103,114 

189. 

40. 

134 

30,33,43,61,52 

,71,91,93,97,103,114 

210. 

42. 

135 

30,33,43,61,52 

,71,94,103,99,114 

225. 

47. 

136 

30,33,43,61,52 

,71,94,103,99,114 

290. 

53. 

137 

30,33,43,61,52 

,71,94,103,99,110 

374. 

66. 

138 

36,43,63,52,71 

,91,92,97,103,110 

177. 

39. 

139 

36,43,63,52,71 

,94,103,99,110 

219. 

47. 

140 

36,43,63,52,71 

,94,103,98,110 

238. 

52. 

141 

36,43,63,52,71 

,94,103,98,110 

284. 

62. 

142 

36,43,61,52,73 

,91,93,97,103,114 

180. 

40. 

143 

36,43,61,52,73, 

,94,103,99,110 

215. 

47. 

144 

36,43,61,52,73, 

,94,103,99,110 

228. 

49. 

145 

36,43,61,52,73 

,91,92,96,103,114 

235. 

50. 

146 

30,34,44,61,52, 

,74,91,93,96,103,110 

182. 

38. 

147 

30,34,44,61,52, 

,74,94,103,98,114 

225. 

47. 

148 

30 ,34,44  ,61,52 , 

,74,91,93,96,101,110 

242. 

50. 

. 

. 

. 
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Machinery 


System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

149 

37,43,61,52,73  ,91,92,97,103,114 

183. 

40. 

150 

37,43,61,52,73,91,93,97,103,114 

199. 

42. 

151 

37,43,61,52,73,91,93,97,103,114 

265. 

58. 

152 

37,43,61,52,73,94,103,99,114 

265. 

59. 

153 

37,43,61,52,73,94,103,98,114 

275. 

55. 

154 

37,43,61,52,73,94,103,98,114 

2  76. 

56. 

155 

37,43,61,52,73,94,103,99,110 

290. 

57. 

156 

35,44,61,51,71,94,103,99,114 

183. 

39. 

157 

35,44,61,51,71,91,92,96,102,110 

268. 

52. 

158 

35,44,61,51,71,94,103,98,110 

273. 

57. 

159 

37,43,63,51,72,91,93,97,103,114 

184. 

41. 

160 

37,43,63,51,72,91,93,97,103,110 

206. 

47. 

161 

37,43,63,51,72,91,93,96,103,114 

284. 

54. 

162 

36,44, 63,52,71,91,93,96,102,114 

185. 

39. 

163 

36,44,63,52,71,91,92,97,101,114 

217. 

46. 

164 

36,44,63,52,71,94,103,99,114 

232. 

47. 

165 

36,44,63,52,71,94,102,99,110 

267. 

58. 

166 

36,43,61,51,71,91,93,97,103,110 

185. 

37. 

167 

36,43,61,51,71,91,92,97,103,110 

194. 

40. 

168 

36,43,61,51,71,94,103,98,114 

234. 

51. 

169 

36,43,61,51,71,94,103,98,110 

303. 

63. 

170 

35,43,63,52,71,91,92,96,103,114 

185. 

41. 

171 

35,43,63,52,71,94,103,99,110 

293. 

61. 

172 

35,43,63,52,71,94,103,99,114 

320. 

62. 

173 

37,43,62,52,72,94,103,98,114 

186. 

39. 

174 

37,43,62,52,72,94,103,98,114 

207. 

44. 

175 

37,43,62,52,72,94,103,98,114 

214. 

48. 

176 

37,43,62,52, 72,91,93,96,103,114 

227  . 

44. 

177 

36,44,61,51,73,91,92,97,103,110 

187. 

42. 

178 

36,44,61,51,73,94,101,99,114 

307. 

64. 

179 

37,43,62,51,72,91,93,96,102,114 

188. 

42. 

180 

37,43,62,51,72,91,93,97,103,114 

190. 

39. 

181 

37,43,62,51,72,94,103,98,114 

217. 

49. 

182 

37,43,62,51,72,94,103,99,114 

273. 

57. 

183 

37,43,62,51,72,94,103,99,110 

335. 

66 . 

184 

36,44,61,52,74,91,93,96,101,110 

188. 

41. 

185 

36,44,61,52,74,94,103,98,114 

250. 

56. 
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Machinery 


System  Total  cost 

Number  Network  Nodes  $/T  DP  Fed 


186 

30,33,44,61,52,71,91,93,97,102,114 

189. 

187 

30,33,44,61,52,71,94,102,98,114 

277. 

188 

37,44,62,52,74,91,93,97,102,114 

189. 

189 

37,44,62,52,74,94,102,99,114 

195. 

190 

37,44,62,52,74,94,103,99,114 

204. 

191 

37,44,62,52,74,94,103,99,114 

251. 

192 

35,44,62,52,72,91,93,97,103,110 

189. 

193 

35,44,62,52,72,91,93,97,101,114 

199. 

194 

35,44,62,52,72,91,93,97,101,114 

244. 

195 

37,44,62,52,71,91,93,97,102,110 

190. 

196 

37,44,62,52,71,94,102,98,110 

200. 

197 

37,44,62,52,71,94,101,98,110 

226. 

198 

37,44,62,52,71,94,101,98,110 

251. 

199 

37,44,62,52,71,91,92,96,103,110 

267. 

200 

35,44,62,52,74,91,93,97,103,110 

190. 

201 

35,44,62,52,74,94,103,99,114 

224. 

202 

36,43,61,52,74,91,93,97,103,114 

190. 

203 

36,43,61,52,74,94,103,98,110 

227. 

204 

36,44,62,52,73,91,92,97,102,110 

191. 

205 

30,33,44,62,52,72,91,93,96,102,110 

191. 

206 

30,33,44,62,52,72,94,103,99,114 

216. 

207 

37,43,61,52,74,91,93,96,103,110 

193. 

208 

37,43,61,52,74,91,93,97,103,110 

277. 

209 

35,43,62,52,73,91,92,96,103,110 

193. 

210 

35,43,62,52,73,91,92,97,103,114 

220. 

211 

35,43,62,52,73,91,93,97,103,114 

231. 

212 

35,43,62,52,73,94,103,98,110 

238. 

213 

35,43,62,52,73,91,93,97,103,110 

256. 

214 

35,44,61,51,72,91,93,97,103,110 

193. 

215 

35,44,61,51,72,91,93,97,103,114 

200. 

216 

35,44,61,51,72,91,93,97,101,114 

209. 

217 

35,44,61,51,72,91,93,96,101,114 

243. 

218 

37,43,62,52,73,94,103,99,114 

196. 

219 

37,43,62,52,73,91,93,96,103,114 

214. 

220 

37,43,62,52,73,91,93,96,103,114 

268. 

(nearest  $) 

$/T  DM  Fed 

40. 

54. 

39. 

44. 

46. 

48. 

36. 

41. 

51. 

39. 

44. 

46. 

50. 

49. 

40. 

47. 

44. 

48. 

42. 

40. 

45. 

44. 

52. 

42. 

47. 

46. 

52. 

48. 

39. 

41. 

45. 

48. 

42. 

48. 

56. 
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System 
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(nearest  $) 

Number 

Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

221 

35,43,61,52,74,91,93,97,103,110 

196. 

43. 

222 

35,43,61,52,74,94,103,99,110 

198. 

42. 

223 

35,43,61,52,74,91,93,97,103,110 

201. 

44. 

224 

35,43,61,52,74,91,93,97,103,110 

257. 

49. 

225 

35,43,61,52,74,94,103,98,110 

263. 

54. 

226 

35,43,61,52,74,91,93,97,103,110 

347. 

63. 

227 

35,44,62,51,72,91,93,96,102,114 

198. 

41. 

228 

35,44,62,51,72,91,93,97,102,110 

217. 

41. 

229 

35,44,62,51,72,94,102,98,114 

289. 

55. 

230 

36,44,63,52,73,94,102,99,114 

198. 

46. 

231 

36,44,63,52,73,91,93,97,102,110 

206. 

46. 

232 

36,44,63,52,73,94,103,98,114 

215. 

48. 

233 

36,44,63,52,73,91,92,97,103,114 

248. 

53. 

234 

36,44,63,52,73,91,93,97,101,114 

281. 

61. 

235 

36,44,63,52,73,94,103,98,110 

314. 

69. 

236 

35,44,61,52,74,91,93,96,101,114 

198. 

43. 

237 

35,44,61,52,74,94,103,98,114 

206. 

43. 

238 

35,43,61,52,71,91,92,97,103,114 

202. 

41. 

239 

35,43,61,52,71,91,93,97,103,114 

237. 

49. 

240 

35,43,61,52,71,91,93,96,103,114 

276. 

54. 

241 

36,44,63,52,74,91,93,97,102,110 

203. 

45. 

242 

36,44,63,52,74,91,93,97,102,114 

232. 

51. 

243 

36,44,63,52,74,94,101,98,110 

327. 

69. 

244 

30,33,44,61,52,74,91,93,97,103,114 

203. 

43. 

245 

30,33,44,61,52,74,91,93,97,103,114 

224. 

47. 

246 

30,33,44,61,52,74,94,103,98,114 

226. 

48. 

247 

30,33,44,61,52,74,94,103,99,114 

242. 

49. 

248 

30,33,44,61,52,74,94,102,99,114 

270. 

54. 

249 

30,33,44,61,52,74,94,103,99,110 

334. 

66 . 

250 

36,43,63,52,74,91,93,96,103,110 

203. 

47. 

251 

36,43,63,52,74,94,103,99,110 

259. 

60. 

252 

36,43,63,52,74,94,103,98,114 

303. 

65. 

253 

36,43,63,52,74,94,103,98,114 

330. 

64. 

254 

30,34,44,63,52,71,91,92,96,103,114 

203. 

43. 

255 

30,34,43,61,52,71,91,92,96,103,114 

204. 

41. 

256 

37,43,63,52,72,91,93,96,103,110 

204. 

46. 
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Machinery 


System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

257 

37,43,63,52,72,94,103,99,114 

204. 

47. 

258 

37,43,63,52,72,94,103,99 ,110 

233. 

51. 

259 

37,43,63,52,72,94,103,98,110 

242. 

54. 

260 

37,43,63,52,72,94,103,98,114 

289. 

64. 

261 

35,44,62,52,73,91,92,97,103,114 

204. 

45. 

262 

35,44,62,52,73,91,92,97,102,114 

212. 

44. 

263 

35,44,62,52,73,91,93,96,102,110 

214. 

43. 

264 

35,44,62,52,73,94,103,98,110 

312. 

68. 

265 

30,33,44,61,52,73,91,92,96,102,110 

204. 

43. 

266 

30,33,44,61,52,73,94,101,98,114 

292. 

57. 

267 

35,44,63,52,71,91,92,97,101,114 

204. 

44. 

268 

35, 44, 63, 52, 71, 91, 92, 96, 101, 110 

239. 

47. 

269 

35,44,63,52,71,94,102,99,110 

292. 

61. 

270 

35,44,62,52,71,91,93,96,102,110 

205. 

42. 

271 

31,33,43,61,52,72,91,93,97,103,110 

205. 

42. 

272 

31,33,43,61,52,72,94,103,99,114 

288. 

57. 

273 

31,33,43,61,52,72,94,103,98,114 

337. 

64. 

274 

35,44,61,52,71,91,92,96,101,114 

206. 

41. 

275 

35,44,61,52,71,91,93,97,103,114 

233. 

47. 

276 

35,44,61,52,71,91,93,97,101,114 

241. 

46. 

277 

35,43,62,52,72,94,103,98,114 

207. 

43. 

278 

35,43,62,52,72,94,103,99,110 

277. 

53. 

279 

31,34,43,62,52,72,91,93,97,103,110 

207. 

43. 

280 

31,34,43,62,52,72,91,93,97,103,114 

215. 

43. 

281 

31,34,43,62,52,72,94,103,99,114 

240. 

49. 

282 

31,34,43,62,52,72,94,103,99,114 

288. 

55. 

283 

36,43,62, 52,74,91,93,97,103,110 

210. 

42. 

284 

36,43,62,52,74,94,103,98,114 

216. 

45. 

285 

36,43,62,52,74,94,103,99,110 

226. 

48. 

286 

36,43,62,52,74,94,103,99,114 

230. 

48. 

287 

37,43,63,52,71,91,92,96,103,110 

211. 

45. 

288 

37,43,63,52,71,94,103,99,110 

268. 

60. 

289 

37,43,63,52,71,94,103,98,114 

270. 

56. 

290 

37,43,63,52,71,94,103,98,110 

280. 

60. 

291 

37,43,63,52,71,94,103,98,110 

375. 

70. 
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Machinery 


System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

292 

37,44,63,51,72,91,93,96,102,110 

211. 

43. 

293 

37,44,63,51,72,94, 102,99,110 

380. 

78. 

294 

30,34,44,62,52,74,91,93,97,103,114 

212. 

42. 

295 

30,34,44,62,52,74,94,102,99,114 

251. 

54. 

296 

30,34,44,62,52,74,94,103,98,114 

389. 

76. 

297 

35,43,61,51,72,91,93,97,103,110 

213. 

42. 

29  8 

35,43,61,51,72,91,93,96,103,114 

233. 

46. 

299 

35,43,61,51,72,94,103,98,110 

283. 

55. 

300 

31,33,44,61,52,74,91,93,102,114 

214. 

44. 

301 

31,33,44,61,52,74,91,93,96,101,110 

256. 

47. 

302 

31,33,44,61,52,74,94,102,98,114 

256. 

51. 

303 

30,33,43,61,52,72,91,93,97,103,110 

214. 

43. 

304 

37,43,61,51,74,91,93,96,103,114 

215. 

48. 

305 

37,43,61,51,74,91,93,97,103,114 

215. 

49. 

306 

37,43,61,51,74,91,93,97,103,110 

236. 

51. 

307 

37,43,61,51,74,91,93,96,103,110 

248. 

51. 

308 

37,43,61,51,74,91,93,96,103,110 

282. 

55. 

309 

37,43,61,51,74,94,103,98,110 

290. 

64. 

310 

37,43,61,51,74,91,93, 97,103,114 

293. 

57. 

311 

37,43,61,51,74,91,93,97,103,110 

321. 

68. 

312 

37,43,61,51,74,91,93,96,103,114 

321. 

59. 

313 

37,43,61,51,74,94,103,99,110 

333. 

73. 

314 

37,43,61,51,74,94,103,98,110 

436. 

86. 

315 

37,44,61,51,74,91,93,97,101,114 

216. 

49. 

316 

37,44,61,51,74,94,102,99,114 

301. 

62. 

317 

37,44,61,51,74,94,101,98,110 

317. 

70. 

318 

36,44,61,51,74,91,93,97,102,110 

216. 

46. 

319 

36,44,61,51,74,91,93,97,101,110 

223. 

49. 

320 

36,44,61,51,74,94,101,99,114 

299. 

67. 

321 

31,34,44,62,52,71,91,93,96,102,110 

216. 

41. 

322 

36,43,61,51,72,91,93,96,103,114 

217. 

42. 

323 

36,43,61,51,72,94,103,98,114 

229. 

48. 

324 

36,43,61,51,72,94,103,99,110 

231. 

49. 

325 

36,43,61,51,72,94,103,98,110 

267. 

57. 

326 

36,43,61,51,72,94,103,99,110 

285. 

62. 

327 

36,43,61,51,72,94,103,98,110 

315. 

65. 

• 
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Machinery 


Sys  tem 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

328 

35,43,62,52,71,91,93,96,103,114 

218. 

46. 

329 

35,43,62,52,71,91,93,96,103,114 

228. 

42. 

330 

31,33,44,61,52,72,94,101,98,114 

218. 

45. 

331 

31,33,44,61,52,72,94,103,99,110 

266. 

53. 

332 

30,34,44,62,51,71,91,93,97,102,110 

219. 

46. 

333 

30,34,44,61,52,72,91,93,96,103,114 

219. 

43. 

334 

37,43,61,51,71,91,93,96,103,114 

220. 

45. 

335 

36,44,61,52,72,94,101,98,110 

220. 

47. 

336 

31,34,43,62,51,72,91,93,97,103,110 

221. 

46. 

337 

31,34,43,62,51,73,94,103,99,110 

377. 

77. 

338 

35,44,61,52,73,94,101,98,114 

222. 

49. 

339 

35,44,61,52,73,94,102,98,114 

224. 

47. 

340 

35,44,61,52,73,94,101,98,110 

273. 

55. 

341 

36,43,61,51,74,91,93,97,103,110 

222. 

47. 

342 

36,43,61,51,74,91,93,96,103,110 

223. 

50. 

343 

36,43,61,51,74,94,103,98,110 

300. 

62. 

344 

36,43,61,51,74,94,103,98,110 

346. 

72. 

345 

36,43,61,51,74,94,103,98,114 

347. 

72. 

346 

35,44,61,51,74,91,93,97,102,114 

223. 

49. 

347 

35,44,61,51,74,94,102,98,110 

363. 

75. 

348 

37,43,63,51,71,91,93,97,103,110 

224. 

47. 

349 

37,43,63,51,71,91,93,97,103,114 

225. 

49. 

350 

37,43,63,51,71,91,92,96,103,114 

240. 

51. 

351 

37,43,63,51,71,94,103,98,114 

255. 

53. 

352 

31,33,44,61,52,73,91,93,96,102,110 

225. 

45. 

353 

37,44,61,52,73,91,93,97,101,110 

225. 

• 

oo 

354 

37,44,61,52,73,94,101,99,110 

306. 

64. 

355 

31,33,44,62,51,71,91,93,97,101,110 

336. 

47. 

356 

31,33,44,62,51,71,94,103,98,110 

346. 

66. 

357 

37,44,63,51,71,91,92,96,101,114 

227. 

49. 

358 

37,44,63,51,71,91,92,97,101,114 

282. 

59. 

TABLE  K4.  (continued) 
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Machinery 


System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

359 

31,33,44,61,52,71,91,93,96,102,110 

228. 

44. 

360 

31,33,44,61,52,71,94,101,98,110 

321. 

65. 

361 

35,43,62,52,74,91,93,97,103,110 

228. 

47. 

362 

35,43,62,52,74,91,93,96,103,110 

235. 

46. 

363 

35,43,62,52,74,94,103,99,114 

245. 

50. 

364 

30,33,44,61,51,72,91,93,97,102,114 

228. 

46. 

365 

30,33,44,61,51,72,94,103,98,114 

296. 

58. 

366 

31,34,44,62,51,72,91,93,96,103,110 

228. 

46. 

367 

31,34,44,62,51,72,91,93,96,102,114 

233. 

50. 

368 

31,34,44,62,51,72,91,93,96,102,110 

235. 

47. 

369 

31,34,43,61,52,71,91,92,96,103,114 

228. 

46. 

370 

31,34,43,61,52,71,94,103,98,114 

234. 

48. 

371 

31,34,43,61,52,71,94,103,98,114 

319. 

64. 

372 

30,33,44,63,52,71,91,93,96,101,110 

229. 

48. 

373 

30,33,44,63,52,71,91,93,97,101,110 

299. 

59. 

374 

30,33,44,63,52,71,91,92,96,103,110 

303. 

57. 

375 

30,33,44,63,52,71,94,101,98,110 

329. 

68. 

376 

30,33,44,63,52,71,94,101,98,110 

363. 

73. 

377 

30,33,44,63,52,71,94,103,98,110 

372. 

78. 

378 

37,43,63,52,73,91,93,97,103,110 

230. 

50. 

379 

37,43,63,52,73,91,92,97,103,114 

276. 

58. 

380 

35,44,63,51,71,91,92,97,102,114 

230. 

49. 

381 

35,44,63,51,71,94,102,99,114 

290. 

59. 

382 

31,34,44,63,52,71,91,92,96,102,110 

231. 

46. 

383 

30,33,44,63,52,73,91,93,96,103,114 

231. 

00 

• 

384 

37,44,62,51,74,91,93,97,103,114 

231. 

53. 

385 

37,44,62,51,74,91,93,97,103,114 

236. 

50. 

386 

37,44,62,51,74,91,93,96,102,114 

245. 

55. 

387 

37,44,62,51,72,91,93,96,102,110 

232. 

47. 

388 

37,44,62,51,72,94,101,98,110 

256. 

56. 

389 

37,44,62,51,72,94,102,99,114 

278. 

59. 

390 

31,33,44,63,52,71,91,92,97,103,110 

233. 

50. 

391 

31,33,44,63,52,71,91,93,97,101,110 

256. 

52. 

392 

31,33,44,63,52,71,94,103,99,110 

308. 

64. 
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Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

393 

31,33,43,61,51,72,91,93,97,103,114 

234. 

47. 

394 

31,33,43,61,51,72,94,103,99,114 

298. 

61. 

395 

37, 44, 61, 52, 74, 91, 93, 96 ,101,114 

234. 

47. 

396 

37,44,61,52,74,94,101,98,110 

235. 

52. 

397 

37,44,61,52,74,94,103,99,110 

256. 

58. 

398 

31,34,44,61,51,71,91,92,97,101,110 

235. 

47. 

399 

35,43,63,52,72,94,103,98,110 

235. 

51. 

400 

35,43,63,52,72,91,93,97,103,114 

251. 

48. 

401 

35,43,63,52,72,91,93,97,103,114 

284. 

54. 

402 

35,43,62,51,71,91,93,96,103,110 

236. 

47. 

403 

36,43,63,52,73,94,103,98,114 

236. 

53. 

404 

36 , 43 , 63  ,52 , 73  ,94 , 103 , 99 , 114 

251. 

52. 

405 

36,43,63,52,73,94,103,98,114 

267. 

59. 

406 

36,43,63,52,73,94,103,98,114 

301. 

66 . 

407 

35,44,63,51,72,94,101,99,114 

237. 

51. 

408 

35,44,63,51,72,91,93,97,101,110 

254. 

54. 

409 

35,44,63,51,72,94,103,99,114 

291. 

60. 

410 

35,44,63,51,72,94,102,99,114 

332. 

67. 

411 

30,34,44,62,52,71,94,101,99,114 

238. 

49. 

412  - 

30,34,43,62,52,74,91,93,96,103,114 

238. 

48. 

413 

30,34,43,62,52,74,94,103,98,110 

295. 

58. 

414 

30,34,43,62,52,74,91,93,96,103,114 

305. 

58. 

415 

30,34,43,62,52,74,91,93,97,103,110 

352. 

62. 

416 

37,43,62,51,74,91,93,97,103,114 

238. 

49. 

417 

35,44,63,52,74,91,93,96,102,114 

239. 

51. 

418 

35,44,63,52,74,94,101,99,114 

252. 

56. 

419 

30,33,44,61,52,72,91,93,97,103,110 

240. 

45. 

420 

37,44,61,51,73,94,101,98,114 

240. 

55. 

421 

37,44,61,51,73,91,92,97,101,114 

248. 

53. 

422 

37,44,61,51,73,91,92,96,102,114 

285. 

58. 

423 

37,44,61,51,73,94,103,98,114 

303. 

64. 

' 
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TABLE 

K4.  (continued) 

Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

S/T  DM  Fed 

424 

36,44,63,51,73,91,93,97,102,110 

240. 

53. 

425 

36,44,63,51,73,91,93,97,102,110 

287. 

56. 

426 

36,44,63,51,73,94,102,99,114 

366. 

82. 

427 

35,43,61,51,73,91,93,97,103,114 

240. 

52. 

428 

35,43,61,51,73,91,92,96,103,110 

283. 

61. 

429 

35,43,61,51,73,94,103,98,110 

304. 

59. 

430 

35,43,61,51,73,94,103,99,114 

332. 

72. 

431 

35,43,61,51,73,94,103,98,114 

440. 

91. 

432 

30,34,43,61,52,73,94,103,98,114 

241. 

48. 

433 

30,33,43,62,51,72,91,93,97,103,114 

241. 

45. 

434 

30,33,43,62,51,72,91,93,97,103,110 

258. 

51. 

435 

36,43,62,51,74,94,103,99,114 

242. 

53. 

436 

36,43,62,51,74,94,103,99,114 

287. 

64. 

437 

36,43,62,51,74,94,103,99,110 

324. 

73. 

438 

31,34,44,61,52,73,94,102,98,114 

242. 

53. 

439 

35,44,63,52,73,91,92,96,103,114 

242. 

51. 

440 

35,44,63,52,73,91,92,97,101,110 

259. 

55. 

441 

35,44,63,52,73,94,102,98,114 

276. 

55. 

442 

35,44,63,52,73,94,101,98,114 

278. 

58. 

443 

35,44,63,52,73,94,103,98,114 

284. 

60. 

444 

30,33,44,62,51,72,91,93,96,103,114 

242. 

49. 

445 

30,33,44,62,51,72,91,93,97,101,114 

263. 

53. 

446 

30,33,44,62,51,72,94,102,98,110 

353. 

69. 

447 

30,33,43,62,52,71,91,93,97,103,114 

243. 

50. 

448 

30,33,43,62,52,71,94,103,98,114 

254. 

50. 

449 

30,33,43,62,52,71,94,103,99,114 

257. 

53. 

450 

36,43,63,52,72,94,103,98,110 

243. 

51. 

451 

36,43,63,52,72,91,93,96,103,110 

252. 

53. 

452 

36,43,63,52,72,94,103,99,114 

269. 

55. 

453 

30,34,44,62,52,73,91,92,97,102,114 

244. 

50. 

454 

35,44,63,52,72,94,103,98,114 

244. 

50. 

455 

35,44,63,52,72,94,103,98,110 

284. 

62. 

456 

30,34,43,62,52,71,94,103,99,114 

245. 

49. 

457 

30,34,43,62,52,71,91,93,97,103,114 

246. 

46. 

458 

30,34,43,62,52,71,91,93,96,103,110 

256. 

51. 

K77 


TABLE  K4.  (continued) 


Machinery 

System  Total  cost  (nearest  $) 


Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

459 

30,34,43,62,52,71,91,93,97,103,114 

278. 

56. 

460 

36,44,63,51,74,91,93,97,103,110 

246. 

54. 

461 

37,43,63,52,74,94,103,99,114 

246. 

53. 

462 

37,43,63,52,74,94,103,99,110 

272. 

63. 

463 

37,43,63,52,74,94,103,98,110 

386. 

76. 

464 

30,34,43,63,52,72,91,93,96,103,110 

246. 

52. 

465 

30,34,43,63,52,72,94,103,99,110 

276. 

58. 

466 

30,34,43,63,52,72,94,103,98,114 

325. 

66 . 

467 

35,43,63,52,73,91,93,96,103,114 

247. 

54. 

468 

35,43,63,52,73,94,103,99,114 

279. 

58. 

469 

35 , 44 , 62 ,51 , 74 ,91 ,93 ,9 7 , 102 , 114 

247. 

51. 

470 

35,44,62,51,74,94,101,98,110 

346. 

74. 

471 

35,43,62,51,73,91,93,97,103,114 

248. 

55. 

472 

35,43,62,51,73,91,93,97,103,114 

275. 

55. 

473 

35,43,62,51,73,94,103,98,110 

416. 

86. 

474 

30,33,44,61,51,74,91,93,97,103,114 

249. 

53. 

475 

30,33,44,61,51,74,94,103,99,114 

315. 

64. 

476 

30,33,44,61,51,74,91,93,97,101,110 

399. 

75. 

477 

36,43,61,51,73,91,92,96,103,114 

250. 

50. 

478 

36,43,61,51,73,91,93,97,103,110 

261. 

55. 

479 

36,43,61,51,73,91,92,96,103,110 

293. 

59. 

480 

36,43,61,51,73,94,103,99,114 

367. 

77. 

481 

35,43,63,52,74,91,93,97,103,114 

251. 

53. 

482 

35,43,63,52,74,91,93,96,103,110 

296. 

60. 

483 

35,43,63,52,74,91,93,96,103,110 

302. 

62. 

484 

35,43,63,52,74,91,93,97,103,110 

312. 

60. 

485 

35,43,63,52,74,94,103,99,110 

325. 

63. 

486 

35,43,63,52,74,94,103,98,110 

374. 

70. 

487 

36,43,63,51,71,91,96,103,114 

251. 

52. 

488 

36,43,63,51,71,94,103,98,110 

310. 

66. 

489 

31,33,43,61,52,71,91,93,96,103,110 

251. 

55. 

490 

31,33,43,61,52,71,91,92,96,103,114 

258. 

49. 

491 

31,33,43,61,52,71,94,103,114 

263. 

54. 

492 

31,34,44,63,52,72,91,93,97,101,114 

253. 

50. 

493 

31,34,44,63,52,72,94,103,99,110 

359. 

69. 

■ 
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Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

494 

31,33,44,63,52,74,91,93,96,103,114 

253. 

51. 

495 

31,33,43,62,52,74,94,103,99,114 

254. 

54. 

496 

31,33,43,62,52,74,91,93,97,103,114 

300. 

63. 

497 

31,34,43,61,52,74,91,93,96,103,110 

255. 

51. 

498 

30,34,44,61,52,71,94,101,98,110 

256. 

53. 

499 

30,34,44,61,52,71,94,103,98,110 

269. 

54. 

500 

37,44,62,51,73,91,93,97,102,110 

257. 

53. 

501 

37,44,62,51,73,91,93,96,102,114 

290. 

56. 

502 

31,34,43,62,51,71,91,93,97,103,110 

258. 

50. 

503 

31,34,43,62,51,71,94,103,99,114 

289. 

55. 

504 

31,34,43,62,51,71,94,103,98,110 

333. 

63. 

505 

31,33,44,63,51,71,91,92,97,101,114 

259. 

55. 

506 

31,33,44,63,51,71,94,102,99,110 

376. 

77. 

507 

31,33,44,63,51,71,94,102,98,110 

382. 

• 

00 

r-» 

508 

35,44,62,51,71,94,102,99,110 

259. 

56. 

509 

35,44,62,51,71,91,93,96,101,110 

266. 

57. 

510 

35,44,62,51,71,94,101,99,114 

281. 

57. 

511 

35,44,62,51,71,94,102,99,110 

307. 

65. 

512 

36,43,63,51,73,91,92,97,103,114 

260. 

57. 

513 

36,43,63,51,73,94,103,99,110 

271. 

62. 

514 

36,43,63,51,73,91,92,97,103,114 

276. 

61. 

515 

36,43,63,51,73,91,92,96,103,110 

276. 

61. 

516 

36,43,63,51,73,91,93,96,103,110 

302. 

67. 

517 

36,43,63,51,73,94,103,98,110 

361. 

79. 

518 

31,34,44,61,51,72,91,93,96,102,110 

260. 

52. 

519 

30,33,44,63,52,74,91,93,97,101,110 

260. 

54. 

520 

30,33,43,62,52,72,94,103,98,110 

260. 

53. 

521 

35,43,61,52,73,94,103,99,110 

260. 

53. 

522 

35,43,61,52,73,94,103,99,110 

310. 

65. 

523 

36,44,62,51,74,91,93,97,101,110 

261. 

59. 

524 

36,44,62,51,74,94,101,99,110 

301. 

68. 

525 

36,44,62,51,74,94,102,98,114 

424. 

92. 
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Machinery 

System  Total  cost  (nearest  $) 

Number  Network  Nodes  $/T  DP  Fed  $ /T  DM  Fed 


526 

31,34,43,61,51,73,91,92,97,103, 

110 

262. 

56. 

527 

31,34,43,61,51,73,91,92,97,103, 

110 

318. 

64. 

528 

37,44,63,52,74,91,93,96,102,114 

262. 

56. 

529 

37,44,63,52,74,94,101,98,114 

263. 

58. 

530 

37,44,63,52,74,94,103,99,110 

312. 

69. 

531 

37,44,63,52,74,94,102,99,110 

316. 

62. 

532 

37,44,63,52,74,94,101,99,110 

359. 

76. 

533 

30,34,44,63,51,71,91,93,96,103, 

110 

262. 

54. 

534 

37,43,63,51,73,91,92,97,103,110 

262. 

59. 

535 

37,43,63,51,73,91,92,97,103,110 

272. 

58. 

536 

37,43,63,51,73,91,93,97,103,110 

332. 

• 

oo 

537 

30,33,43,61,51,71,91,92,97,103, 

114 

263. 

48. 

538 

30,33,43,61,52,74,94,103,99,114 

265. 

55. 

539 

30,33,43,61,52,74,94,103,99,114 

358. 

66. 

540 

30,34,43,62,51,74,91,93,97,103, 

114 

266. 

55. 

541 

30,34,43,62,51,74,91,93,97,103, 

114 

308. 

64. 

542 

30,34,43,62,51,74,91,93,96,103, 

114 

344. 

63. 

543 

30,34,43,62,51,74,94,103,98,114 

560. 

100. 

544 

37,44,63,51,74,91,93,97,102,114 

266. 

59. 

545 

37,44,63,51,74,94,101,99,114 

343. 

75. 

546 

37,44,63,51,74,94,103,99,110 

449. 

96. 

547 

35,43,61,51,74,91,93,97,103,110 

270. 

54. 

548 

35,43,61,51,74,94,103,99,110 

306. 

63. 

549 

35,43,61,51,74,91,93,96,103,114 

349. 

66 . 

550 

35,43,61,51,74,94,103,98,110 

374. 

79. 

551 

31,34,44,61,52,74,91,93,96,101, 

114 

271. 

57. 

552 

31,34,44,61,52,74,94,101,99,110 

294. 

57. 

553 

31,34,44,62,52,73,94,103,99,110 

272. 

56. 

554 

35,43,61,51,71,91,92,96,103,114 

272. 

53. 

555 

35,43,61,51,71,94,103,99,114 

312. 

57. 

556 

35,43,61,51,71,94,103,98,114 

335. 

61. 

557 

31,34,44,63,51,71,91,92,97,102, 

114 

273. 

56. 

558 

31,34,44,63,51,71,91,92,97,103, 

110 

283. 

57. 

559 

31,34,44,63,51,71,94,102,99,114 

369. 

73. 
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System 
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(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

560 

30,33,44,63,51,71,91,92,96,101,114 

273. 

55. 

561 

30,33,44,63,51,71,91,92,96,103,110 

279. 

55. 

562 

37,43,61,51,73,91,92,96,103,114 

274. 

58. 

563 

37,43,61,51,73,94,103,99,110 

363. 

82. 

564 

35,44,62,51,73,91,93,96,102,114 

275. 

55. 

565 

35,44,62,51,73,91,93,96,101,110 

318. 

66. 

566 

35,44,62,51,73,94,101,99,110 

384. 

81. 

567 

35,44,62,51,73,94,102,99,114 

461. 

93. 

568 

30,34,43,61,51,72,94,103,98,114 

275. 

55. 

569 

30,34,43,61,51,72,94,103,98,110 

293. 

55. 

570 

30,33,44,62,52,74,94,102,98,114 

275. 

57. 

571 

30,33,44,62,52,74,94,102,99,110 

287. 

60. 

572 

30,34,44,61,51,72,91,93,96,101,110 

276. 

55. 

573 

30,34,44,61,51,74,91,93,97,103,114 

277. 

62. 

574 

30,34,44,61,51,74,91,93,97,103,110 

282. 

57. 

575 

37,43,63,51,74,91,93,96,103,110 

278. 

59. 

576 

37,43,63,51,74,94,103,98,110 

348. 

73. 

577 

37,43,63,51,74,94,103,99,114 

382. 

84. 

578 

37,43,63,51,74,94,103,98,114 

620. 

108. 

579 

31,34,44,61,52,72,94,102,99,110 

280. 

55. 

580 

31,34,44,61,52,72,94,102,99,110 

296. 

60. 

581 

31,34,43,63,51,72,91,93,97,103,114 

280. 

51. 

582 

31,34,44,61,52,71,94,102,99,114 

281. 

59. 

583 

31,33,43,63,52,74,91,93,97,103,110 

281. 

59. 

584 

37  ,44,62,52,72,94,102,99,110 

282. 

57. 

585 

31,34,44,63,51,72,91,93,96,102,110 

284. 

57. 

586 

31,34,44,63,51,72,94,101,98,110 

392. 

76. 

587 

31,33,44,61,51,73,91,93,96,103,114 

284. 

62. 

588 

31,34,44,61,51,73,91,92,96,103,110 

284. 

59. 

589 

31,34,44,61,51,73,91,93,96,103,114 

291. 

60. 

590 

31,34,44,61,51,73,94,102,98,110 

412. 

83. 
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System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 

$/T  DM  Fed 

591 

36,43,63,51,74,91,93,96,103,114 

285. 

58. 

592 

36,43,63,51,74,91,93,96,103,114 

303. 

64. 

593 

36,43,63,51,74,91,93,97,103,114 

354. 

65. 

594 

36,43,63,51,74,94,103,99,110 

385. 

90. 

595 

30,34,44,62,52,72,94,102,99,110 

285. 

54. 

596 

31,33,44,62,51,74,91,93,97,103,114 

286. 

58. 

597 

31,33,44,62,51,74,94,102,98,114 

458. 

95. 

598 

35,43,63,51,72,91,93,96,103,114 

288. 

58. 

599 

35,43,63,51,72,94,103,98,114 

295. 

64. 

600 

35,43,63,51,72,94,103,98,110 

296. 

62. 

601 

35,43,63,51,72,91,93,97,103,114 

314. 

63. 

602 

35,43,63,51,72,94,103,99,114 

333. 

69. 

603 

35,43,63,51,72,91,93,97,103,114 

346. 

60. 

604 

35,43,63,51,74,91,93,97,103,110 

289. 

60. 

605 

35,43,63,51,74,91,93,97,103,110 

308. 

64. 

606 

35,43,63,51,74,91,93,97,103,114 

315. 

64. 

607 

35,43,63,41,74,94,103,99,114 

364. 

80. 

608 

35,43,63,51,74,94,103,99,110 

381. 

83. 

609 

35,43,63,51,74,94,103,98,110 

427. 

80. 

610 

31,33,44,63,51,72,94,102,98,114 

289. 

61. 

611 

31,33,44,63,51,72,94,102,99,110 

361. 

62. 

612 

31,33,44,63,51,72,94,102,98,110 

385. 

80. 

613 

31,34,43,61,51,72,91,93,97,103,110 

290. 

55. 

614 

35,43,63,51,73,91,92,97,103,114 

290. 

61. 

615 

35,43,63,51,73,94,103,99,110 

349. 

68. 

616 

35,43,63,51,73,91,92,96,103,114 

358. 

73. 

617 

35,43,63,51,73,94,103,98,114 

384. 

74. 

618 

35,43,63,51,73,94,103,99,114 

435. 

89. 

619 

35,43,63,51,73,94,103,98,114 

444. 

85. 

620 

31,34,44,62,51,71,94,101,98,114 

291. 

60. 

621 

31,34,44,62,51,71,94,102,98,110 

327. 

65. 

622 

35,44,61,51,73,91,92,97,103,110 

292. 

59. 

623 

35,44,61,51,73,94,102,99,114 

365. 

76. 

624 

35,44,61,51,73,94,103,99,110 

367. 

76. 

625 

36,43,62,51,73,91,92,97,102,110 

292. 

65. 

626 

36,43,62,51,73,94,103,99,114 

351. 

75. 

'  X 
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$/T  DM  Fed 

627 

31,33,43,61,52,74,91,93,97,103,110 

292. 

58. 

628 

31,34,43,62,51,74,91,93,96,103,114 

293. 

59. 

629 

31,34,43,62,51,74,91,93,97,103,114 

336. 

69. 

630 

31,34,43,62,51,74,94,103,99,114 

398. 

79. 

631 

31,33,44,63,52,73,91,93,97,103,110 

294. 

61. 

632 

31,33,44,63,52,73,91,92,96,102,114 

331. 

67. 

633 

31,33,44,63,52,73,94,101,99,114 

339. 

75. 

634 

31,33,44,63,52,73,91,92,96,103,110 

346. 

74. 

635 

31,33,44,63,52,73,91,92,97,101,114 

369. 

73. 

636 

31,33,44,63,52,73,94,103,98,114 

388. 

75. 

637 

37,43,62,51,73,91,93,97,103,114 

295. 

59. 

638 

31,34,44,62,51,73,91,92,97,102,114 

296. 

64. 

639 

31,34,44,62,51,73,91,93,96,103,114 

323. 

65. 

640 

31,34,44,62,51,73,91,93,97,101,114 

346. 

71. 

641 

31,34,44,62,51,73,94,101,98,110 

364. 

76. 

642 

30,34,43,63,51,71,91,93,97,103,110 

298. 

58. 

643 

30,34,43,63,52,71,91,93,96,103,110 

299. 

54. 

644 

30,34,43,63,52,71,94,103,98,110 

305. 

63. 

645 

30,34,43,63,52,71,94,103,98,114 

395. 

74. 

646 

35,44,63,51,74,91,93,97,102,110 

301. 

63. 

647 

35,44,63,51,74,91,93,96,101,110 

311. 

64. 

648 

35,44,63,51,74,91,93,96,101,110 

318. 

71. 

649 

35,44,63,51,74,94,101,99,114 

378. 

77. 

650 

35,44,63,51,74,94,102,98,114 

517. 

105. 

651 

31,33,43,62,51,74,94,103,98,110 

302. 

62. 

652 

31,33,43,61,52,73,94,103,99,114 

302. 

57. 

653 

30,34,43,61,52,74,94,103,98,110 

303. 

62. 

654 

37,44,61,51,71,94,103,98,110 

304. 

62. 

655 

35,43,62,51,74,91,93,96,103,114 

305. 

66 . 

656 

35,43,62,51,74,94,103,99,110 

343. 

74. 

657 

31,33,43,62,52,73,91,93,96,103,110 

305. 

61. 

658 

30,34,43,62,52,73,91,93,96,103,110 

307. 

58. 
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659 

31,34,43,62,52,71,94,103,99,114 

308. 

64. 

660 

31,34,43,62,52,71,94,103,98,114 

316. 

61. 

661 

30,33,44,62,52,73,94,103,98,110 

308. 

63. 

662 

30,33,44,63,51,74,91,93,97,102,110 

309. 

66 . 

663 

30,33,44,63,51,74,91,93,96,103,114 

343. 

69. 

664 

30,33,44,63,51,74,94,102,98,110 

455. 

90. 

665 

31,34,44,63,51,74,91,93,97,103,114 

310. 

63. 

666 

36,44,63,51,72,94,103,99,110 

310. 

68. 

667 

36,44,63,51,72,94,103,99,110 

311. 

69. 

668 

36,44,63,51,72,94,101,99,110 

345. 

70. 

669 

37,44,63,51,73,91,92,97,103,110 

312. 

62. 

670 

37,44,63,51,73,94,103,98,110 

392. 

81. 

671 

37,44,63,51,73,94,101,99,114 

403. 

86. 

672 

37,44,63,51,73,94,101,98,110 

448. 

89. 

673 

30,34,43,61,51,73,91,92,97,103,110 

312. 

64. 

674 

30,34,43,61,51,73,94,  103,98,110 

377. 

69. 

675 

31,33,44,62,51,72,94,103,99,110 

312. 

63. 

676 

31,34,43,63,52,71,94,103,99,114 

315. 

59. 

677 

31,34,43,63,52,71,94,103,99,114 

410. 

74. 

678 

30,34,43,63,52,74,94,103,98,110 

315. 

67. 

679 

30,34,43,63,52,74,94,103,98,114 

317. 

66 . 

680 

30,34,43,63,52,74,94,103,98,110 

330. 

67. 

681 

30,34,43,63,52,74,94,103,98,114 

363. 

73. 

682 

30,34,43,63,52,74,94,103,99,110 

397. 

75. 

683 

30,33,44,62,51,71,94,103,99,114 

316. 

63. 

684 

31,34,43,62,51,73,91,93,97,103,110 

318. 

64. 

685 

31,34,43,62,41,73,91,93,97,103,110 

357. 

70. 

686 

31,34,43,62,51,73,94,103,99,110 

389. 

80. 

687 

31,34,43,62,51,73,94,103,98,114 

460. 

95. 

688 

30, 34, 43',  63, 51, 74, 91, 93, 96, 103, 110 

318. 

67. 

689 

30,34,43,63,51,74,94,103,99,110 

482. 

98. 

690 

30,34,43,63,51,74,94,103,98,114 

506. 

99. 

' 


K84 


TABLE  K4.  (continued) 


Machinery 

System 

Total  cost 

(nearest  $) 

Number  Network  Nodes 

$/T  DP  Fed 
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691 

30,33,43,51,51,73,91,92,96,103,114 

319. 

63. 

692 

30,33,43,61,51,73,91,92,97,102,114 

330. 

65. 

693 

30,33,43,61,51,73,91,92,97,103,110 

346. 

68. 

694 

30,33,43,61,51,73,94,103,99,110 

475. 

97. 

695 

30,33,43,61,51,72,94,103,99,114 

319. 

69. 

696 

31,34,44,61,51,74,91,93,96,101,110 

319. 

68. 

69  7 

31,34,43,62,52,73,94,103,99,110 

320. 

65. 

698 

31,34,43,62,52,73,91,93,97,103,110 

322. 

63. 

699 

36,44,63,51,71,94,103,98,110 

320. 

69. 

700 

31,33,43,62,51,72,94,103,99,110 

321. 

62. 

701 

31,33,43,62,51,72,94,103,99,114 

344. 

65. 

702 

30, 34, 44, 62, 51, 73, 91y93, 97, 102, 110 

321. 

67. 

703 

30,33,44,63,51,73,91,92,97,102,110 

321. 

68. 

704 

30,33,44,63,51,73,94,103,98,114 

384. 

80. 

705 

30,34,43,61,51,74,94,  103,99,114 

322. 

66 . 

706 

30,34,43,61,51,74,94,103,98,110 

426. 

82. 

707 

31,33,44,61,51,71,94,101,99,110 

324. 

68. 

708 

31,33,44,62,52,73,94,101,98,114 

325. 

68. 

709 

31,33,44,63,51,73,91,92,97,101,114 

327. 

67. 

710 

31,33,44,63,51,73,94,101,98,110 

457. 

89. 

711 

30,33,43,63,51,72,91,93,96,103,114 

328. 

66. 

712 

30,33,43,63,51,72,94,103,98,114 

415. 

75. 

713 

30,34,44,61,51,71,94,102,98,114 

328. 

67. 

714 

30,33,43,62,51,74,91,93,97,103,114 

330. 

62. 

715 

35,43,63,51,71,94,103,98,110 

331. 

72. 

716 

31,33,43,63,51,74,91,93,97,103,114 

331. 

66 . 

717 

30,33,43,62,52,73,94,103,99,114 

333. 

70. 

718 

31,34,43,63,41,74,91,93,97,103,114 

335. 

68. 

■ 
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719 

30,33,43,62,51,73,94,103,98,114 

336. 

66 . 

720 

30,33,43,62,51,73,91,93,96,103,114 

351. 

67. 

721 

30,33,44,63,51,72,94,103,98,110 

336. 

66 . 

722 

35,44,63,51,73,94,101,98,114 

338. 

73. 

723 

35,44,63,51,73,94,102,99,114 

338. 

73. 

724 

35,44,63,51,73,94,101,99,114 

395. 

79. 

725 

30,33,43,61, 52,73,94,103,98,110 

338. 

63. 

726 

30,33,43,63,52,72,94,103,99,110 

340. 

70. 

727 

30,33,43,63,52,72,94,103,98,110 

381. 

71. 

728 

30,33,43,61,51,74,91,93,97,103,114 

342. 

70. 

729 

31,33,43,63,51,73,91,92,97,103,110 

346. 

71. 

730 

31,33,43,63,51,73,91,93,97,103,110 

375. 

71. 

731 

31,33,43,63,51,73,91,92,96,103,110 

452. 

84. 

732 

30,34,43,62,51,73,94,103,98,114 

347. 

68. 

733 

30,33,44,61,51,71,94,101,98,110 

348. 

68. 

734 

30,33,44,61,51,71,94,102,99,110 

353. 

71. 

735 

30,34,44,63,52,73,94,102,98,114 

350. 

63. 

736 

36,44,62,51,73,94,103,98,114 

351. 

76. 

737 

36,44,62,51,73,94,103,99,114 

352. 

72. 

738 

31,33,43,61,51,74,91,93,96,103,114 

353. 

70. 

739 

31,33,43,61,51,74,91,93,96,103,114 

424. 

85. 

740 

31,33,43,61,51,74,94,103,98,110 

426. 

86. 

741 

31,33,43,61,51,73,91,93,96,103,114 

353. 

76. 

742 

31,33,44,63,52,72,94,101,98,110 

353. 

70. 

743 

30,34,43,63,52,73,94,103,99,110 

355. 

72. 

744 

31,33,44,61,51,72,94,102,98,110 

358. 

70. 

745 

30,34,43,62,51,71,91,92,97,103,114 

360. 

68. 

746 

31,33,43,63,52,72,94,103,98,114 

361. 

71. 

747 

31,33,43,63,52,72,94,103,99,110 

380. 

76. 
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748 

31,33,43,61,51,71,91,93,96,103,110 

362. 

66. 

749 

30,34,44,61,51,73,94,102,98,114 

364. 

73. 

750 

30,34,44,61,51,73,94,101,99,114 

424. 

80. 

751 

30,34,44,63,51,74,91,93,96,103,114 

367. 

72. 

752 

30,34,44,63,51,74,94,103,99,114 

502. 

98. 

753 

31,34,43,63,51,73,91,93,97,103,110 

369. 

74. 

754 

30,33,44,61,51,73,94,103,99,114 

374. 

79. 

755 

30,34,43,61,52,72,94,103,99,114 

379. 

71. 

756 

30,34,44,63,52,74,94,102,99,110 

388. 

00 

o 

• 

757 

30,34,44,63,52,74,94,101,98,110 

442. 

86. 

758 

30,33,43,63,51,71,94,103,99,110 

391. 

80. 

759 

30,33,43,63,51,71,94,103,98,110 

417. 

83. 

760 

30,33,43,63,51,71,94,103,98,110 

442. 

83. 

761 

31,34,44,62,51,74,94,103,99,110 

391. 

80. 

762 

31,34,44,62,51,74,94,101,98,110 

466 . 

97. 

763 

30,33,43,63,51,73,91,92,97,103,110 

398. 

74. 

764 

30,33,43,63,51,73,94,103,99,114 

409. 

82. 

765 

31,33,43,63,51,71,94,103,99,114 

399. 

77. 

766 

31,33,43,63,51,71,94,103,99,114 

457. 

00 

VO 

• 

767 

30,34,43,63,51,73,91,92,96,103,110 

401. 

75. 

768 

30,33,44,62,51,74,91,93,96,101,114 

403. 

00 

r^- 

769 

30,33,43,63,51,74,91,93,96,103,110 

414. 

79. 

770 

30,33,43,63,51,74,91,93,96,103,110 

424. 

79. 

771 

30,33,43,63,51,74,94,103,98,110 

441. 

83. 

772 

31,34,43,63,52,73,94,103,99,114 

431. 

87. 

773 

30,33,44,62,51,73,94,101,99,110 

438. 

89. 

774 

30,33,44,62,51,73,94,103,98,114 

453. 

89. 

775 

31,34,43,61,51,74,94,103,99,114 

537. 

107. 

776 

31,33,44,62,51,73,94,102,99,110 

635. 

124. 

